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Introduction 

In the recent years, the importance of DNA as forensic evidence in criminal 
investigations has increased rapidly worldwide. The ability to tie an individ-
ual to a crime or crime scene or to exonerate the innocently accused or con-
victed, by comparing a genetic profile to a reference has become an indis-
pensable tool for the police. In a mid-sized Swedish county, 115 matches 
(hits) were made between trace and individuals in the Swedish national DNA 
database in 2008. In 2009, the figure had risen to 150 matches, an increase 
with 30% 1. According to European Network of Forensic Institutes (ENFSI), 
the total number of DNA profiles in the Swedish national DNA database 
increased from 12 435 to 77 191 profiles between the 2006 and 2009, em-
phasising the importance of DNA as forensic evidence in criminal investiga-
tions. 

During the past decade, there has been a rapid development in technolo-
gies for DNA analysis in many fields. Minute amounts of DNA can be ana-
lysed using next-generation sequencing (NGS) technologies, which enable 
genome-wide sequencing in less than a few weeks 2. In forensic genetics, the 
increase in sensitivity, i.e. improvements in the ability to analyse minute 
amounts of DNA, has made it possible to analyse a broader spectrum of ma-
terials found at crime scenes and also allowed so called cold cases (old un-
solved cases) to be reopened and solved. The importance of DNA analysis 
for individual identification was further demonstrated in the aftermath of the 
World Trade Center attack in 2001 and the Tsunami catastrophe in 2004 3,4. 
Furthermore, biological evidence found at crime scenes moreover shares 
several characteristics with ancient DNA and therefore use the same safety 
precautions, methods and technologies when performing a DNA analysis. 
For instance, if a DNA extraction method or the use of specific set Poly-
merase Chain Reaction (PCR) primers gives successful results on an ancient 
sample, it is likely that the same methods will be successfully applied on 
forensic samples. The work presented in this thesis is focusing on evaluation 
of new and highly sensitive methods useful in several areas in forensic ge-
netics including analysis of old bone samples in historical investigations. 
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Forensic science 
Forensic science is the collection of disciplines that scientifically contribute 
to the legal system, as for instance pathology, odontology, anthropology, 
chemistry, toxicology and genetics. Forensic genetics is the area in forensic 
science where DNA analysis is used for molecular identification of biologi-
cal material found at crime scenes. DNA analysis is also useful for individ-
ual identification after mass disasters, paternity testing as well as identifica-
tion of missing persons. 

Challenges in forensic genetics 
The condition of the biological evidence found on a crime scene is often not 
ideal for a molecular analysis. There are several factors affecting the DNA 
molecule that result in a combination of challenges the forensic scientist has 
to deal with. 

Degradation and chemical modifications: Evidence material is often ex-
posed to a very harsh environment, in which microorganisms, high tempera-
tures and UV radiation can cause fragmentation and degradation of the 
DNA. In addition to these environmental factors that physically affect the 
DNA, the material may also be subjected to chemical modifications. When 
an organism dies, nucleases attack the DNA, which also results in fragmen-
tation of the DNA molecule. Moreover, hydrolytic- and oxidative damage 
are the two major contributors to DNA damage, which can lead to preven-
tions in the amplification process and cause base modifications 5-7. There is 
an inverse relationship between fragment length and successful amplifica-
tion, i.e. smaller PCR fragments, <300 base pairs (bp), are more likely to be 
amplified in samples that contain degraded DNA 8. 

Inhibitors: The amplification of DNA in evidence samples from various 
crime scenes can be complicated by the presence of inhibitors in the sam-
ples. Inhibitors can be present in the soil, in blood or in textile dyes and they 
negatively affect the DNA extraction by interfering with the cell lysis step 
but also inhibit the activity of the polymerase in the PCR reaction 9. 

Contamination: The risk of contamination (i.e. introduction of exogenous 
DNA to a forensic sample) is another major challenge in forensic genetics. 
Clean laboratories are crucial and to minimise the risk of contamination from 
the surrounding environment, reagents, laboratory supplies and the analyst, 
extreme safety precautions have to be followed 10,11. Benches and equipment 
should be repeatedly treated with bleach and UV light. Disposable gloves 
should frequently be changed, and protective clothes, facial masks, hair- and 
shoe covers should be worn at all times. Pre- and post PCR laboratories have 
to be physically separated and negative controls should be included at every 
stage in the analysis procedure. However, even when these safety precau-
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tions are taken, there is still a high risk of contamination during the collec-
tion of the biological evidence prior to the DNA analysis. Therefore, it is 
important that all individuals involved in the handling of crime scene evi-
dence are aware of the risk of contamination and take efforts to minimise it. 

Mixtures: An additional issue with biological evidence from a crime 
scene is the risk that the samples may contain mixtures of DNA from differ-
ent individuals. Mixtures are especially common in sexual assault cases in 
which samples may contain DNA from both male and female individuals. 
Often the female’s DNA is present in large excess. 

DNA quantity: Forensic evidence samples often contain low numbers of 
DNA molecules, which can result in drop-outs and partial DNA profiles in 
the typing. In samples with few DNA templates (<100 pg or approximately 
17 diploid cells or 34 genome equivalents), the PCR primers have difficul-
ties to hybridise properly to all of the DNA molecules present in the sample, 
which results in unequal amplification of the alleles. These stochastic effects 
can result in allele drop-out, heterozygote peak imbalances and increased 
stutter, i.e. signals that differ in length from the original allele by one repeat 
unit due to replication slippage 12,13. One solution for improving sensitivity 
when analysing low template DNA samples is to increase of the number of 
PCR cycles (from the standard 28 cycles to 34 cycles). This approach is re-
ferred to as low copy number (LCN) analysis 12-15. However, using LCN 
analysis does not eliminate the problems associated with amplifying low 
template DNA samples and furthermore presents an increased risk of con-
tamination. Gill et al. have proposed several guidelines regarding the inter-
pretation of results from LCN analyses 12,14. Moreover, Budowle et al. argue 
that LCN analysis requires extensive evaluation from the scientific commu-
nity, and that if LCN analysis is proposed for use in an investigation, the 
scientists should inform all involved parties of the limitations and difficulties 
associated with the technique and its results 13. 

Implementation of new technologies 
The process of implementing a new technology in forensic genetics is not 
straightforward. There are a wide variety of available technologies for DNA 
analysis based on different chemistries and detection methods, but not all 
technologies are suitable for forensic DNA analysis. The cost of using new 
methods must be considered. Moreover, the technology must be able to pro-
cess samples that contain very limited amounts of DNA and its robustness, 
accuracy and reproducibility must be extensively validated. These factors 
mean that the adoption of new technologies in forensic DNA analysis is a 
slow process that can take several years. Nevertheless, progress in forensic 
genetics is dependant on the uptake of new technologies. For instance, both 
larger and more sensitive multiplexes that would reduce the consumption of 
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precious evidence samples and methods that can analyse highly degraded 
samples in a short period of time are needed. Furthermore, high throughput 
technologies for the evaluation of new markers and fast database compila-
tion are also significant for the progression of the field. 

History of forensic DNA analysis 
In the early 20th century, Karl Landsteiner discovered the human ABO 
blood groups, which were the first biological markers used to distinguish 
individuals. The system was based on four groups (A, B, AB and O) and a 
useful tool for excluding the possibility of a given individual having been the 
contributor of a particular sample found at a crime scene. In 1985, Alec Jef-
freys described DNA fingerprinting 16. DNA fingerprinting was based on 
restriction fragment length polymorphism (RFLP) and on the analysis of 
variable non-coding stretches in loci that may be up to 1000 bp in length, 
known as variable number tandem repeats (VNTRs) 16,17. In the initial ver-
sion of the method, restriction enzyme cleavage was used to produce frag-
ments that were then size separated by gel electrophoresis and detected by 
southern blotting. Because the number of repeats differed at each locus, a 
unique pattern for each individual was detected on the blot. RFLP analysis 
was extremely discriminative, however, the method required relatively large 
amounts of DNA, between 50-500 ng, for successful analysis 18. Moreover, 
RFLP was difficult to interpret because a single probe detected multiple 
VNTR loci resulting in a highly complex pattern. These multiple locus 
probes (MLP) were replaced with single locus probes (SLP), which only 
detected one or two alleles (i.e. bands on the membrane corresponding to a 
homozygote or heterozygote). The results were easier to interpret and less 
DNA was needed for successful analysis. As previously discussed, DNA 
found at crime scenes is exposed to various environmental factors and 
chemical agents that degrade and fragment the DNA. This makes it difficult 
to amplify longer fragments, such as VNTRs. The introduction of PCR 19 
along with analysis of short tandem repeats (STRs) revolutionised forensic 
DNA analysis. Minute amounts of DNA could be amplified using locus spe-
cific primers, and the sensitivity of the method made it possible to analyse 
more degraded material found at crime scenes. Today, multiplex PCR ampli-
fication of STRs has completely replaced DNA fingerprinting in forensic 
genetics. 

Genetic markers in forensic DNA analysis 
In 1953, James Watson and Francis Crick discovered the double helix struc-
ture of DNA 20. Almost 50 years later, the first draft of the entire human 
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genome sequence was published 21,22. The human genome contains approxi-
mately 3 billion bases and around 20 000-25 000 protein-coding genes. Ap-
proximately 99.9 % of the DNA sequence is exactly the same between two 
individuals 23. Nevertheless, significant genetic variation exists between 
different individuals and between populations. Genetic variation can influ-
ence an individual’s susceptibility to certain diseases, behaviour and physi-
cal appearance. However, most genetic variations have no known effects on 
humans. 

Genetic variations in the human genome can be divided into different 
types. Copy number variation (CNV) are larger variations, where a segment 
of DNA, ranging from one kilobase (kb) up to several megabases (Mb), can 
vary in copy number in comparison to a reference genome 24. Other types of 
variations are VNTRs, STRs or single nucleotide polymorphisms (SNPs). In 
forensic DNA typing, highly polymorphic STRs are most commonly geno-
typed in order to distinguish between individuals, to tie an individual to a 
crime or crime scene, or to exonerate the innocent. SNPs have also gained 
interest in the forensic community, since short PCR fragments can be de-
signed and thereby facilitate analysis of degraded materials. Mitochondrial 
DNA (mtDNA) analysis is based on detection of base substitutions, which 
are compared to a reference sequence (discussed in the section on mtDNA 
analysis). 

STRs 
The human genome contains a large proportion of repetitive sequences 25,26. 
STRs, which are also known as microsatellites or simple sequence repeats 
(SSRs), are among the most variable DNA sequences in the human genome 
and are therefore very suitable for DNA analysis in criminal investigations. 
STRs were identified in the early 1980s 27,28. They consist of mono-, di-, tri-, 
tetra-, penta- and hexanucleotide repeat and are spread over the entire human 
genome with the majority being located in non-coding regions, either in in-
trons or intergenic sequences 29. More than 100 000 regions of the human 
genome contain STRs 30. An individual is either homozygous (having identi-
cal alleles, i.e. the same number of repeats) or heterozygous (having differ-
ent number of repeats) at a particular locus. The mutation rate of STRs dif-
fers between different loci and is dependant on repeat number, repeat type or 
the composition of the STR. The main proposed mechanism for new muta-
tions in STRs is replication slippage 31,32. 

STRs found in coding regions are generally trinucleotide repeats but hex-
anucleotide repeats can also be found 29. A subset of these trinucleotide re-
peats play an important role in some human neurodegenerative disorders 
such as Huntington’s disease 33 and also in some human cancers 34. Hunting-
ton’s disease is a dominant inherited monogenic disease caused by the ab-
normal expansion of a CAG repeat in the coding region of the Huntingtin 
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gene. The cause of this abnormal expansion is not completely understood but 
could be explained by strand slippage or multiple events of recombination 35.  

STRs can be divided into different groups depending on their repeat struc-
ture. Simple or perfect repeats have the same length and sequence in every 
repeat unit (e.g. TATC). Compound or imperfect repeats contain stretches of 
two or more different repeat types (e.g. TCTATCTG). Complex or inter-
rupted repeats have several blocks of repeats with different unit lengths but 
also contain intervening sequences 25. 

STRs in forensic DNA typing 
Not all STRs are optimal for forensic DNA analysis and there are some crite-
ria the markers have to meet to be considered suitable. The STRs should be 
inherited independently of other markers that are analysed and should pref-
erably be located on separate chromosomes. The loci should be highly po-
lymorphic with a high degree of heterozygosity (>70%) and demonstrate low 
stutter characteristics 18,36. Tetranucleotide repeats are preferred for genotyp-
ing in forensic DNA analysis because they are less prone to the formation of 
stutter products. Short dinucleotide repeats are very prone to slippage during 
PCR amplification 36,37. This can give rise to peaks that are two, four or six 
bases shorter than the original allele, which in turn creates difficulties in 
interpreting the data, especially if DNA from multiple individuals is present. 
For tetranucleotide repeats, there is often only one shorter allele of four 
bases observed 37. The use of STRs for forensic DNA typing was reported in 
the early 1990s 38,39. The Forensic Science Service (FSS) in the UK and the 
Federal Bureau of Investigation (FBI) in the U.S. have been the leading 
countries in the development of STR typing systems. In 1997, FBI presented 
a database named CODIS (Combined DNA Index System) that consisted of 
13 autosomal core loci suitable for forensic STR typing 40 (Table 1). These 
13 loci are highly polymorphic, found in non-coding regions and located on 
different chromosomes, with the exception of CSF1PO and D5S818, which 
are positioned on chromosome 5. However, since approximately 26.3 Mb 
separates the two markers, no linkage between the loci is found 41. The data-
base includes DNA profiles of convicted offenders, from crime scene sam-
ples, missing persons and allele frequency data from different U.S. popula-
tion groups 40. In Sweden and most European countries, ten loci overlapping 
with the CODIS core loci are analysed. The loci used in forensic DNA an-
alysis do not encode any proteins, no human characteristics can be distin-
guished by the profile and there is no linkage to any diseases. However, it 
has been suggested that the locus TH01 may be linked to schizophrenia 42. 
However, this finding was not confirmed by a follow-up study 43. It should 
be noted that many of the core loci used in forensic STR typing have been 
used in linkage studies of human diseases and that the findings of such stud-
ies are often tentative 41. 
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A DNA profile refers to the genotype (i.e. the number of repeats in each 
allele of the analysed STR marker) of the suspect, the victim or the crime 
scene sample. 

Table 1. The 13 core set of STR loci included in CODIS with chromosomal location 
and repeat motif. 

Marker Chromosomal location Repeat motif 

CSF1PO 5q33.1 TAGA 
FGA 4q31.3 CTTT 
TH01 11p15.5 TCAT 
TPOX 2p25.3 GAAT 
vWA 12p13.31 [TCTG][TCTA] 
D3S1358 3p21.31 [TCTG][TCTA] 
D5S818 5q23.2 AGAT 
D7S820 7q21.11 GATA 
D8S1179 8q24.13 [TCTA][TCTG] 
D13S317 13q31.1 TATC 
D16S539 16q24.1 GATA 
D18S51 18q21.33 AGAA 
D21S11 21q21.1 [TCTA][TCTG] 

miniSTRs 
Larger PCR fragments, >300 bp, can be difficult to amplify if the DNA is 
highly degraded and fragmented. Allelic drop-out or complete loss of signal 
are often observed for larger sized PCR products 44. One solution to this 
problem is to reduce the amplicon sizes (<150 bp) by moving the PCR prim-
ers closer to the repeat region, creating so-called miniSTRs 8,45-47. An advan-
tage using miniSTRs is that the obtained DNA profiles can be compared to 
existing convicted offender profiles in national DNA databases. One disad-
vantage is the multiplexing capacity. Since smaller amplicons are used, there 
are fewer possibilities for adjusting the sizes of the amplicons labelled with 
the same fluorescent dye than in routine STR typing. Therefore fewer loci 
can be amplified simultaneously 8. MiniSTRs were successfully used in the 
victim identification of the World trade center attack in 2001 3. The remains 
were extremely degraded due to the intense heat from the fire and several 
samples were collected months after the attack. Moreover, the DNA had 
been degraded and fragmented by bacteria and other environmental factors. 

SNPs 
SNPs are the most common genetic variation found in the human genome 
22,48. In the NCBI SNP database more than 23 million SNPs are reported 
(www.ncbi.nlm.nih.gov/SNP/; build 131). 

In forensic genetics, autosomal SNP typing is useful for typing severely 
degraded samples and can be applied as an alternative to STR typing in 
complicated cases. The main advantage is that short amplicons (between 50-
100 bp) can be created since the primers can be located close to the poly-
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morphic site. However, SNPs are not as informative as STRs, due to their bi-
allelic nature. Around 50-75 SNPs, have to be analysed in order to equal the 
high discrimination power achieved by an STR analysis of multiple loci 49,50. 
Moreover, the selection of SNPs is important in forensic genetics. The Euro-
pean SNPforID consortium has therefore developed a multiplex of 52 un-
linked polymorphic nuclear SNPs suitable for identification of individuals 
with different population origin 51. 

Routine forensic DNA analysis 
Forensic DNA analysis is based on multiplex PCR amplification of 10-17 
STRs after which the fragments are size separated and detected using capil-
lary electrophoresis (CE) 52-55. This method is commonly referred to as frag-
ment analysis. The size of the fragments, seen as peaks in electrophero-
grams, can be determined using an internal size standard that is added to 
each sample. Fluorescently labelled PCR primers are used to facilitate multi-
plexing and simultaneous detection of multiple markers. Furthermore, the 
length of the amplicons is adjusted to avoid size overlap between different 
STRs that are amplified using primers labelled with the same dye 39 (Figure 
1). Commonly, four fluorescent dyes are used with the internal size standard 
being labelled with a specific dye in order to distinguish it from the other 
STRs to be analysed. The alleles are determined using an allelic ladder, 
which contains all of the known alleles for each of the analysed STR marker. 
Several commercial kits are available for forensic DNA analysis. These in-
clude loci that overlap with the CODIS core loci and the European Standard 
Set (ESS) (TH01, FGA, vWA, D3S1358, D8S1179, D18S51 and D21S11). 
Two recently released kits are the AmpFℓSTR® Identifiler® Plus PCR Am-
plification Kit (Applied Biosystems), which analyses 15 loci plus the amelo-
genin locus for sex determination and the PowerPlex® 16 HS system (Pro-
mega) which analyses 16 loci simultaneously including the amelogenin locus 
56,57. 
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D3S1358 TH01 D21S11 D18S51 Penta E

D5S818 D13S317 D7S820 D16S539 CSF1PO Penta D

Amelogenin vWa D8S1179 TPOX FGA

 
Figure 1. Electropherogram showing results of STR typing using the PowerPlex® 
16 System. The y-axis shows the fluorescence intensity and the x-axis the size in bp. 
A total of 16 STR loci including the amelogenin locus used for sex determination 
are simultaneously amplified and detected by capillary electrophoresis. Three differ-
ent dyes are used to distinguish the alleles. The electropherogram was provided by 
Promega Corporation (www.promega.com). 

Match probability 
When there is a match between DNA profiles from an evidence sample and a 
reference sample, the frequency with which that particular profile occurs in 
the population has to be estimated. The match probability is the probability 
that an unrelated, randomly selected individual in a population will have the 
exact same genotype observed in the sample. Since, STRs segregate inde-
pendently during meiosis, the product of expected genotype frequencies (of 
all analysed loci) in a population can be calculated using the product rule 41. 
The expected genotype frequencies are based on allele frequencies in a 
population using Hardy-Weinberg equilibrium principles. 

National DNA databases 
Many European countries have national DNA databases. These databases 
contain DNA profiles (STR-profiles) from convicted offenders (an intelli-
gence database) as well as profiles from crime scene samples. The criteria 
for the entry and removal of profiles vary between different countries. In 
Sweden, new legislation was introduced in 2006 that allows the police to 
sample DNA from all individuals that are suspected on reasonable grounds 
of a crime that can lead to a term of imprisonment. If the individual is con-
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victed, the profile is retained for ten years after release from prison. Before 
2006, DNA could only be sampled from individuals that were suspected on 
reasonable grounds of a crime with a minimum sentence of two years. In the 
UK, all individuals that are arrested for a recordable offence (which includes 
most crimes aside from traffic offences) are sampled and registered regard-
less of the procedural outcome. The profiles are never removed from the 
database. The aim in establishing this large database was that it should cover 
the entire active criminal population of the UK 58. The UK’s DNA database 
is the largest in Europe, containing over 4 million DNA profiles in Decem-
ber 2009 (corresponding to 9% of the population) and ~350 000 crime scene 
sample (Table 2). 
 
Table 2. DNA profiles in the national DNA databases of Sweden, the UK, 
Denmark and Germany in December 2009 (www.enfsi.eu) 

Country Total num-
ber of indi-
vidual pro-
files 

% of the 
population 

Crime scene 
sample pro-
files 

Matches in-
dividual to 
crime scene 
sample 

Sweden 77 191 0.9 19 929 23 936 
UK (England 
and Wales) 

4 856 902 9.0 354 132 957 638 

Denmark 56 323 1.0 34 068 13 672 
Germany 668 721 0.8 166 554 73 078 
 

Special forensic DNA analysis of challenging samples 
Autosomal STR analysis is highly discriminative and sensitive. Using the 13 
CODIS core loci the match probability for the theoretically most common 
profile is around 6.3 x 10-12 or 1 in 160 billion (among U.S. Caucasians) 59. 
However, there are certain cases in which the STR analysis fails or is diffi-
cult to interpret due to the presence of mixtures of DNA or severe degrada-
tion of the sample. In these cases, special analyses based on markers on the 
Y chromosome or mtDNA can be performed. 

The human Y chromosome 
The human genome contains 23 chromosome pairs. Chromosomes 1 to 22 
are referred to as the autosomes and the remaining are the sex-determining X 
and Y chromosomes. The sex chromosomes are unique in the sense that 
females have two copies of the X chromosome (XX) and males have one 
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copy of the X chromosome and one copy of the Y chromosome (XY). It is 
assumed that the sex chromosomes evolved from a pair of autosomes and 
evolution has made them genetically very different 60. The X chromosome 
consists of ~155 Mb of DNA and contains around 1100 protein-coding genes 
while the Y chromosome is one of the smallest chromosomes in the human 
genome (~60 Mb) and contains only 78 protein-coding genes 61,62 (Figure 2). 
The repression in gene content and recombination are distinct features of Y 
chromosome evolution. Early in mammalian evolution, one of the autosomes 
obtained a male sex-determination function followed by accumulation of 
genes advantageous for males 63. Selection for male specific alleles eventu-
ally resulted in the suppression of recombination and the non-recombining 
region of the Y chromosome (NRY) now covers 95% of the chromosome (it 
is also known as the male specific region (MSY)). The NRY contains 27 
protein-coding genes, which are involved in sex determination (SRY) and 
spermatogenesis 61,64. The remaining part of the Y-chromosome, the pseudo-
autosomal region (PAR) is located in the telomeric regions of the chromo-
some and recombines with its sex-specific counterpart during male meiosis 
65. Since almost the entire Y chromosome does not undergo recombination, 
mutations are the only force resulting in diversity. Otherwise, the chromo-
some is passed on from generation to generation in a paternal lineage. There-
fore, the haploid Y chromosome is very useful in both evolutionary studies 
but also in forensic genetics 66-69. 
 

 
Figure 2. Overview of the X and Y chromosomes. Reprinted with permission from 
Elsevier Academic Press (Forensic DNA typing 2nd Edition – Biology, Technology 
and Genetics of STR markers, 2005). 

Y-STR analysis 
The Y chromosome is unique in the sense that it is male specific and this 
makes it a valuable tool in certain criminal investigations. Most sexual as-
sault cases involve a male perpetrator. Therefore by using markers on the Y 
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chromosome, DNA mixtures containing high levels of female DNA and a 
minor proportion of male DNA can more easily be resolved 70,71. Y chromo-
some analysis can also be used successfully used on azoospermic semen 
samples 72. 

The Y chromosome contains a large proportion of repetitive sequences, 
convenient for forensic DNA analysis 63,69. In forensic genetics a core set of 
eight Y-STR loci are analysed. This marker set is named the minimal haplo-
type and include DYS19, DYS389 I, DYS389 II, DYS390, DYS391, 
DYS392, DYS393 and DYS385ab 69. Because autosomal markers segregate 
independently, the product rule can be employed when estimating the match 
probability for a certain DNA profile. However, the paternal inheritance and 
the lack of recombination in the NRY prevent the use of the product rule, 
since the markers are linked on the same chromosome as a haplotype. Y-
STR analysis is therefore not as discriminative as autosomal STR typing and 
it is necessary to use a reference database to estimate the frequency of a cer-
tain Y-STR haplotype in a population. The largest Y-STR database today is 
the Y chromosome haplotype reference database (YHRD), which contains 
around 89 200 haplotypes from 693 populations (www.yhrd.org; release 34) 
73,74. Moreover, as with autosomal markers, commercial Y-STR kits are 
available which include the minimal haplotype loci as well as two loci 
(DYS438 and DYS439) recommended by the Scientific Working Group on 
DNA analysis methods (SWGDAM) 75-77. 

The mitochondrial genome 
The human mitochondrial genome is a circular double-stranded molecule 
comprising 16 569 bp of DNA and is located in the mitochondria in the cy-
toplasm. The mitochondrial genome was sequenced in 1981 78 but was re-
vised in 1999 due to some sequence errors and the current sequence is re-
ferred to as the revised Cambridge Reference Sequence (rCRS) 79. The ge-
nome contains one heavy strand and one light strand with different base 
compositions. The genome is furthermore divided into the coding region and 
the non coding control region. The coding region contains 13 protein-coding 
genes, involved in oxidative phosphorylation (OXPHOS) as well as two 
rRNAs and 22 tRNAs essential for the translation of mtDNA-encoded 
mRNAs 78,80. The oxidative phosphorylation pathway produces ATP, which 
is essential in various cellular processes. The control region, which is also 
known as the Displacement (D) loop, constitutes 7 % of the genome (around 
1100 bp) and contains the origin of replication of the heavy strand and pro-
moters for transcription. 

The mitochondrion demonstrates a uniparental inheritance pattern analo-
gous to the Y chromosome. However, mitochondria are maternally inherited 
81. Sperms contain around 100 copies of mtDNA, whereas the oozyte con-
tains more than 100 000 mtDNA molecules 82. One proposed mechanism for 
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maternal inheritance in mammals is that during fertilization the protein ubiq-
uitin target paternal mitochondria, which result in degradation of sperm mi-
tochondria inside the oozyte cytoplasm 83,84. Due to this uniparental inheri-
tance, there is no recombination between maternal and paternal genomes. 
Therefore, similar to the NRY on the Y chromosome, genetic variation in 
mtDNA is primarily due to mutations. The mutation rate of human mtDNA 
is about five to ten times higher compared to the nuclear genome 85. This 
high mutation rate can be explained by the absence of protective histone 
proteins, but also by the lack of an efficient DNA repair system or by free 
radicals generated during the OXPHOS process in the mitochondria 80,85. 
Another characteristic of mtDNA is the high copy number per cell. A mito-
chondrion contains 2-10 mtDNA molecules and each cell may contain up to 
1000 mitochondria 86. However, the number of mitochondria and mtDNA 
copies in a cell is dependant on the tissue type. This high copy number per 
cell is especially advantageous in forensic genetics as well as in ancient 
DNA analysis 10,87-91. 

Individual haplotypes can be classified into different haplogroups that is 
based on specific sequence differences, more or less common between popu-
lations. The most common haplogroup in the Caucasian population is hap-
logroup H 92. 

Forensic mtDNA analysis 
Some forensic evidence found at crime scenes or in missing person investi-
gations, such as shed hairs, fingerprints, severely burned samples and bone 
fragments, contain minute amounts of DNA. In these cases where both the 
quality and the quantity of the DNA are insufficient for a successful auto-
somal STR typing, an mtDNA analysis can be performed. MtDNA has some 
characteristics that are especially advantageous in forensic DNA analysis. 
Due to the high copy number of mtDNA in each cell, there is a higher 
chance of detecting mtDNA in a severely degraded DNA sample compared 
to nuclear DNA, which only occurs in two copies in each cell. Another ad-
vantage is that it is maternally inherited and thus reference samples can be 
obtained from maternal relatives. 

Approximately 610 bp of the hypervariable regions 1 and 2 (HV1 and 
HV2) located in the control region are routinely amplified and sequenced in 
forensic mtDNA analysis. The resulting sequences are compared to the rCRS 
and only nucleotide differences to the rCRS are reported. The DNA commis-
sion of the International Society of Forensic Genetics (ISFG) has developed 
guidelines for forensic mtDNA analysis, which include safety precautions, 
recommendations regarding nomenclature as well as guidance for interpreta-
tion of the results 93. To exclude the possibility that the reference and the 
forensic evidence sample originate from the same source, at least two nu-
cleotide differences is required. If only one nucleotide difference is ob-
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served, the result is deemed inconclusive. If identical mtDNA sequences are 
observed, it cannot be excluded that the samples originate from the same 
source 93. When this occurs, the frequency of the particular mtDNA se-
quence or haplotype in a population is estimated. However, since mtDNA is 
maternally inherited and lack recombination, it is not as discriminative as an 
analysis of nuclear STR markers and this is the major limitation of mtDNA 
analysis. Consequently, the product rule cannot be used to calculate the 
match probability and the frequency of an mtDNA profile in a population 
require a population database of mtDNA sequences. The EDNAP (European 
DNA profiling) mtDNA Population database (EMPOP) contains almost 11 
000 mtDNA haplotypes (www.empop.org; version 2.1, August 2010) 94. 
Thus, the statistics regarding an mtDNA analysis is not only limited by the 
maternal inheritance pattern but also by the number of haplotypes in the 
database. Nevertheless, an mtDNA analysis has the same exclusion value as 
nuclear STR typing. One way to increase the discrimination is to analyse 
variations in the coding region 95-97. 

Heteroplasmy 
Heteroplasmy is the presence of multiple mtDNA types within the same 
individual. This occurs when a mutation takes place in one of the thousands 
of mtDNA genomes that are present in the mitochondria. The result is a mix-
ture of normal mtDNA and mutant mtDNA (heteroplasmy), which are 
transmitted differentially by cell division 98. Identification of heteroplasmy 
can complicate the interpretation of the results in forensic genetics. There-
fore, guidelines for mtDNA typing and interpretation of heteroplasmy are 
established by the forensic genetics community 11. However, even though 
mtDNA has a high mutation rate, heteroplasmy is rarely observed in forensic 
mtDNA typing. Heteroplasmy can also increase the match probability of a 
forensic mtDNA analysis. This was demonstrated in the identification of the 
Romanov family, during which it was found that tsar Nicolas II and his bro-
ther shared a heteroplasmic position 89,99. 

DNA damage and contamination in skeletal remains 
Many of the difficulties associated with forensic genetic analysis also occur 
in the study of ancient DNA. Degradation of DNA begins immediately after 
death. The DNA is fragmented by intracellular nucleases, which is one of the 
reasons why long PCR amplicons are difficult to amplify in degraded mate-
rials that are commonly found at crime scenes. The surrounding environment 
also influences the extent of degradation of the DNA molecules. Two crime 
scenes are never identical and the biological materials collected at different 
crime scenes are never exposed to exactly the same conditions. Heat, humid-
ity, microorganisms and humic acids (i.e. a major organic component of the 



 25 

soil, produced by the degradation of dead organic substances) all contribute 
to degradation of DNA. 

Aside from nucleases, the DNA in aged skeletal remains may be sub-
jected to chemical modifications such as oxidative- and hydrolytic damage 5-

7. Hydrolytic deamination of cytosines to uracil results in miscoding lesions 
in which the cytosine is changed into a thymine (C-T) or a guanine is 
changed to adenine (G-A) during amplification. This is one of the major 
contributors to DNA damage in post-mortem samples such as old skeletal 
remains. However, C-T substitutions can be reduced by treatment with uracil 
N-glycosylase (UNG), which eliminates uracil from the DNA strand and 
thereby prevent introduction of the T nucleotide in these positions during 
PCR 7. 

Another major challenge when analysing minute amounts of DNA from 
old skeletal remains is the risk of modern contamination that can question 
the authenticity of the results. Exogenous DNA can be introduced at several 
stages and it is impossible to know how many individuals that may have 
handled the samples over the years. DNA analyses of old human skeletal 
remains are often based on mtDNA. However, due to the maternal inheri-
tance pattern and the limited variation seen in populations, the analyst may 
share an mtDNA profile with the analysed bone sample by chance. Thus, 
when analysing old human remains there is always the possibility of false 
positive results and it is therefore important to critically evaluate all aspects 
of the results of such analyses 100. In addition to removing of the surface of 
the bone and taking the extensive safety precautions previously discussed, it 
has been shown that soaking the bones in commercial bleach (sodium hy-
pochlorite, NaOCl) prior to DNA extraction is an effective decontamination 
method 101,102. 

Technologies in forensic DNA analysis 
Analysis by capillary electrophoresis 
The routinely used technologies in forensic DNA typing (both for nuclear 
and mtDNA analysis) are based on fluorescence detection using CE 52-55,103. 
As previously discussed, routine STR genotyping is based on fragment an-
alysis with fluorescently dye labelled PCR primers. The markers are ampli-
fied in a multiplex reaction and thereafter size separated using CE. In CE, 
narrow sized capillaries are filled with a polymer solution that the samples 
can be run through. When a positive charge is applied, the negatively 
charged DNA molecules are transferred into the capillary. A laser beam at 
the end of the capillary causes the dye labelled fragments to fluoresce, which 
is detected by an optical device 104. The dyes that are used for labelling the 
primers emit light at different wavelengths. Therefore, several fragments that 
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overlap in size can be analysed simultaneously as long as they are labelled 
with different dyes (Figure 1). 

Sanger dideoxy sequencing 
Dideoxy Sanger sequencing 105 has been the gold standard in DNA sequenc-
ing for almost three decades. The technology is based on hybridisation of a 
sequencing primer to a PCR product. This is followed by incorporation of 
deoxynucleotide triphosphates (dNTPs) and dideoxynucleotide triphosphates 
(ddNTPs), which lack a hydroxyl group at the 3’end. As a result, elongation 
of the synthesized strand is terminated when the polymerase incorporates a 
ddNTP. This results in a large amount of fragments that differ in length by 
one base. Today, fluorescently labelled ddNTPs are used and the fragments 
are size separated using CE 106,107. The sequencing results are shown in a 
chromatogram (Figure 3). The sequencing of the human genome was ac-
complished by the fragmentation of DNA, which was then cloned into bacte-
rial vectors and sequenced using the Sanger technology 22. 

 
 

 
Figure 3. Chromatogram demonstrating the sequencing results of a part of the mito-
chondrial HV2 region of an ulna bone supposed to have been buried for approxi-
mately 70 years.  

Pyrosequencing 
Pyrosequencing is a non-electrophoretic sequencing technology based on 
real-time detection of Pyrophosphate (PPi) using an enzymatic cascade sys-
tem that ultimately results in the generation of light 108. Successful incorpo-
ration of a dNTP by DNA polymerase leads to the release of PPi. The PPi is 
converted to ATP by ATP sulfurylase, followed by generation of light when 
luciferase uses ATP to oxidize luciferin. The light is proportional to the 
number of incorporated nucleotides and unincorporated nucleotides as well 
as ATP are degraded by apyrase before the next nucleotide is added (Figure 
4). The results are presented in a pyrogram, in which the ascending slope of 
the peaks reflects the activity of DNA polymerase and ATP sulfurylase. The 
activity of luciferase determines the height of the signal and the slope of the 



 27 

descending curve is demonstrated by the efficiency of apyrase 109. Pyrose-
quencing is suitable for SNP typing 110 and also for detection of mutations 
111,112. Deyde et al. used Pyrosequencing for the detection of drug resistance 
markers in the pandemic influenza A virus (H1N1) 113. Other applications of 
Pyrosequencing have been in studies of DNA methylation 114,115 and typing 
of viruses 116,117. In forensic genetics it has been applied in mtDNA sequenc-
ing 118, in quantification of mixtures 119, mtDNA coding region analysis 97, 
amelogenin-based sex determination 120 and in nuclear STR typing as dem-
onstrated in Paper I and II in this thesis 121,122. One advantage of Pyrose-
quencing when compared to Sanger sequencing is that it can read DNA in 
the region directly after the sequencing primer. 

One of the limitations of the technology is the limited reading length of 
the nucleotide sequence. Insufficient polymerase activity is one factor limit-
ing read length in Pyrosequencing 123. However, the addition of single-
stranded DNA binding protein (SSB) has been shown to significantly im-
prove the read length and to reduce non-specific signals, especially in longer 
PCR products 123,124. In addition, background signals observed in the later 
dispensations in the pyrogram, disturb the interpretation of correct signals 
and reduce the read length. The intensity of the signal peaks also decreases 
as sequencing proceeds because each nucleotide dispensation result in in-
creases of the volume and a reduction of the efficiency of the enzymes 109. 
Mashayekhi et al. show that the efficiency of apyrase decrease in later dis-
pensations, due to the dilution effect caused by the increase in reaction vol-
ume of 0.07% after every nucleotide dispensation. This causes inefficient 
degradation of nucleotides and ATP and is therefore one of the main factors 
restricting the read length 125. Mashayekhi et al. also present a simulation 
model to increase reading length by replacing the apyrase in the reaction mix 
with a washing step between every nucleotide dispensation and thereby re-
move inhibiting by-products 125. 
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Figure 4. The principle of Pyrosequencing technology. The real-time detection of 
Pyrophosphate is based on incorporation of dNTPs by polymerase, which triggers a 
cascade system of enzyme reactions that ultimately generate light. 
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454 
The Pyrosequencing principle is adapted in the 454 (Roche) whole genome 
sequencing technology 126. 454 sequencing is one of the NGS technologies 
along with for instance the SOLID™ system (Applied Biosystems) and the 
Solexa Genome Analyzer II (Illumina). NGS technologies allow for genome 
wide sequencing with a massive increase in throughput and are highly suit-
able for de novo sequencing and resequencing 127. In 454 sequencing, the 
DNA is fragmented followed by ligation to adapters before separation into 
single strands. The fragments are then bound to a bead, which contain an 
emulsion of water, oil and detergent, which forms a droplet around the bead. 
The DNA fragment in each droplet is thereafter amplified and the emulsion 
is broken with subsequent denaturation of the DNA strands. The beads, con-
taining amplified single stranded DNA are added into picolitre-sized wells 
on a fibre-optic slide containing approximately 1.6 million wells and thereaf-
ter sequenced using the Pyrosequencing chemistry 126. The Genome se-
quencer FLX system generates one million reads per run and each sequence 
read is on around 300-400 bp. The 454 sequencing method has successfully 
been used in studies of ancient DNA. A complete mitochondrial genome 
sequence of a 38 000 year old Neanderthal individual has been assembled as 
well as nuclear DNA sequencing of Neanderthals 128-130. 

DNA quantification using real-time PCR 
The commercially available STR typing kits recommends 0.5-1 ng of tem-
plate DNA for successful amplification and detection of fragment lengths 131. 
Too low quantity of DNA in the STR analysis can result in allele drop out, 
peak imbalances and low signals, especially in the longer fragments 12. Too 
much input DNA can result in over expressed peak signals as well as back-
ground signals. Therefore, it is important that the amount of DNA in a foren-
sic sample is accurately determined, both, to save precious evidence material 
and to select suitable markers for subsequent DNA analysis. Andréasson et 
al. have developed a system for quantification of nuclear- and mtDNA suit-
able for forensic samples using real-time PCR based on the TaqMan® assay 
132. In the TaqMan® assay, a probe is labelled with a reporter fluorophore 
that is attached to the 5’ end and a quencher fluorophore in the 3’ end. The 
5’-3’ exonuclease activity of the Taq polymerase cleaves the probe during 
the elongation phase of the PCR, releasing the reporter from the probe. This 
results in an increased reporter emission intensity that is detected by a charge 
coupled device (CCD) camera, since the proximity to the quencher is lost 133-

135. At a certain cycle the fluorescence reaches a threshold, also called thres-
hold cycle (Ct). The Ct value is inversely proportional to the DNA concentra-
tion in the target, i.e. low levels of DNA results in a high Ct value. The DNA 
quantification of a sample is possible by the use of a standard curve with 
known concentrations of either nuclear DNA or mtDNA. 
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Present investigation 

Aim 
The aim of the papers presented in this thesis is focusing on evaluation of the 
Pyrosequencing technology for forensic DNA typing and efficient methods 
for mtDNA analysis of old skeletal remains. 

Paper I 
Y chromosomal STR analysis using Pyrosequencing technology 

Background 
DNA analysis of markers located on the Y chromosome is valuable in cer-
tain cases, particularly in sexual assault cases, in which evidence often con-
tains a mixture of DNA from both a female victim and a male perpetrator. 
The forensic community has agreed on a core set of eight Y-STR markers, 
named the minimal haplotype (DYS19, DYS389 I, DYS389 II, DYS390, 
DYS391, DYS392, DYS393 and DYS385ab) to use in routine Y-STR analy-
sis 69. The routine Y-STR analysis is based on multiplex amplification of the 
minimal haplotype loci as well as the loci recommended by SWGDAM 
(DYS439 and DYS439). The amplified fragments are then size separated 
using CE. The technology is very robust and accurate, however, the com-
mercially available kits require long fragments of up to 450 bp, to enable 
electrophoretic size separation. These longer fragments can be difficult to 
amplify if the evidence material is old and degraded. Therefore, the forensic 
community is in need of new efficient, robust and fast techniques that can be 
used on samples with very scarce amounts of DNA. Pyrosequencing is a 
non-electrophoretic DNA sequencing technology initially developed for 
analysis of short stretches of DNA 110,136. In previous studies it has been used 
for sequencing mtDNA in forensic genetics 118 and for sex determination by 
analysis of short stretches of the amelogenin gene 120.  

In paper I we demonstrate a novel Pyrosequencing-based assay for analy-
sis of Y-STRs. 
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Results and discussion 
The Pyrosequencing technology was used for analysis of seven minimal 
haplotype Y-STRs, DYS19, DYS389 I/II, DYS390, DYS391, DYS392, 
DYS393 and DYS438 (SWGDAM). PCR primers were designed creating 
amplicons between 72-233 bp. A total of 70 unrelated male individuals were 
typed and all loci displayed male specificity. The alleles were assigned by 
sequencing using a sequence directed dispensation order. Nucleotides were 
added to the reaction in the order in which they appear in the repeat unit. In 
this way, as soon as the growing strand reached the end of the STR, the dis-
pensation order no longer matched the template sequence and reaction ter-
minated. The sequence prior to the termination displays the number of repeat 
units and the length of the allele. Alleles were assigned for all of the loci 
examined and the allele frequencies among the 70 male individuals were 
determined. The gene diversity ranged from 0.386 to 0.734. According to the 
YHRD database (3.0) the haplotype most commonly observed in the study 
occurs with frequency of 0.93% (worldwide). The major advantage of this 
assay is its ability to detect sequence variants within or in proximity to the 
repeat, which may increase the discrimination capacity. This cannot be done 
with standard fragment analysis using capillary electrophoresis. For exam-
ple, at the DYS393 locus an A/C SNP was detected in the first repeat unit in 
14.3% of the analysed individuals (Figure 5). This resulted in one repeat unit 
less ((AGAT)13 to CGAT(AGAT)12). The system is sensitive and analysis of 
casework samples containing between 15 pg and 0.4 ng DNA were success-
fully amplified and sequenced.  

 

 
Figure 5. Pyrosequencing result of the DYS393 locus, demonstrating the A/C SNP 
in the first repeat unit (dispensation 1).  

In conclusion, the Pyrosequencing assay for the analysis of Y-STRs can 
be useful in certain cases as well as for evaluation of new markers suitable 
for forensic DNA typing and fast database assembly. 
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Paper II 
Forensic analysis of autosomal STR markers using Pyrosequencing 

Background 
STRs are routinely genotyped by length separation in forensic DNA analy-
sis. Their abundance and selectively neutral nature makes them useful in 
many areas of genetic research. Due to their high degree of polymorphism at 
each locus they are very informative and are routinely used for individual 
identification in forensic genetics. A sequence-based assay could reveal ad-
ditional information and an increased resolution due to sequence variants 
that can be detected within or in close proximity to the repeat. This cannot be 
observed by the routine fragment size analysis. Moreover, a rapid and robust 
sequence based system for genotyping STRs can be useful for rapid con-
struction of databases and for the evaluation of new loci suitable in forensic 
STR typing. 

In Paper II we present a novel strategy for genotyping autosomal STRs 
based on the Pyrosequencing technology. 

Results and discussion 
A total of ten markers routinely used in forensic DNA analysis were selected 
for use in testing the Pyrosequencing assay (CSF1PO, TH01, TPOX, 
D3S1358, D5S818, D7S820, D8S1179, D13S317, D16S539 and Penta E). 
PCR primers were designed to generate amplicons in the range of 66-178 bp. 
In total, 114 Swedish individuals were genotyped together with a few foren-
sic samples and allele frequencies, observed and expected heterozygosity 
were calculated. The results obtained were verified by fragment analysis. 
Alleles were assigned using a strategy similar to that described in Paper I. 
The termination recognition base (TRB) and the use of a sequence directed 
dispensation order give rise to a specific pattern in the downstream flanking 
sequence. Heterozygous alleles are possible to identify because the signal is 
decreased by 50% when the shorter allele terminates. The pyrograms arising 
from short simple repeats were more straightforward to interpret compared 
to ones arising from more complex repeats. The analysis of the compound 
repeats D3S1358 and D8S1179 commonly resulted in two possible geno-
types that were impossible to differentiate. This was observed in 31% of the 
genotypes at the D8S1179 locus and in 36% of the genotypes at the 
D3S1358 locus. In all of these cases, one of the genotypes was concordant 
with fragment analysis. Moreover, sequence variants were identified at five 
loci. At the D13S317 locus a T/A SNP in the last repeat unit was detected in 
92% of the typed individuals, resulting in the genotype 12/12[AATC] in the 
Pyrosequencing assay and 12/13 in the fragment analysis. 
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To conclude, this Pyrosequencing-based assay has the ability to detect se-
quence variants within or close to the repeat, resulting higher discrimination 
capability and can be useful for evaluation of less complex novel STRs and 
for rapid compilation of databases. 

Paper III 
Analysis of the putative remains of a European patron saint- St. Birgitta 

Background 
Saint Birgitta (Saint Bridget of Sweden) lived between 1303 and 1373 and 
was canonized as a Roman catholic saint in 1391. Following her death, her 
remains were transported from Rome to Vadstena and placed in a relic cas-
ket together with her daughter Katarina  (1331-1381).  

The approaches and methods used for analysis of DNA from ancient re-
mains are very similar to those when analysing samples from crime scenes. 
Analysis of mtDNA is used in special criminal investigations when nuclear 
autosomal DNA typing is not possible to perform due to severe degradation 
of the DNA or lack of nuclear DNA. DNA in skeletal remains is often found 
in very scarce amounts and has moreover often been subjected to various 
environmental factors and chemical agents. This results in fragmentation of 
the DNA and base modifications that can interfere with the PCR reaction. In 
addition to degradation and fragmentation of the DNA, is the high risk of 
modern contamination. Analysis of mtDNA is commonly performed on aged 
skeletal remains due to the high copy number per cell, which increases the 
likelihood of successful amplification.  

In Paper III, an anthropological and DNA based analysis of the putative 
remains of Saint Birgitta and her daughter Katarina is performed. The ma-
ternal relationship between the two sets of remains is investigated using 
mtDNA analysis and radiocarbon dating is also performed. 

Results and discussion 
The HV1 (221bp and 440 bp fragments) and HV2 (243 bp and 415 bp frag-
ments) regions were amplified and sequenced. The bones were extracted 
with two different approaches of the initiating step of the extraction, includ-
ing a soaking step in bleach in one approach. A sex determination analysis 
was performed based on sequencing of a short stretch of the amelogenin 
gene utilising the Pyrosequencing technology. The sequences obtained from 
both skulls demonstrated that they were of female origin. The results of 
mtDNA sequencing revealed differences between the skulls at six positions 
(five in HV1 and one in HV2) (Table 3). As a safety precaution, to avoid 
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contamination and sample mix up, two different analysts performed the 
DNA analysis at separate occasions. The mtDNA of the analysts were com-
pared with the result obtained from the skulls and one of the analysts demon-
strated a sequence result that was inconclusive. Therefore, in order to ex-
clude that the sequence result was due to contamination from the analyst, a 
coding region analysis of position 3010G/A and 16519T/C was performed. 
An additional difference in 3010 between the analyst (3010G) and skull A 
(3010A) could be observed, excluding contamination. 

During the analysis the skulls showed differences in the number of suc-
cessful amplification reactions and skull B demonstrated a better quality of 
the sequences. In the mtDNA quantification based real-time PCR, skull B 
contained a higher mtDNA yield compared to skull A. To investigate if the 
skulls could be of different age due to the difference in sequence quality and 
quantity a radiocarbon dating was performed. Skull A was dated to the pe-
riod 1215-1270 cal AD and skull B was dated to 1470-1670 cal AD, which 
do not correspond to the periods Saint Birgitta or Katarina were alive. How-
ever, it was necessary to consider the potential consequences of a reservoir 
effect on the precision of theses dates. Radiocarbon dating alone can cause a 
shift in age when studying the remains of individuals who consume large 
amounts of food from freshwater sources such as fish, resulting in an older 
radiocarbon age. Therefore, the natural mass fractionation of the stable iso-
topes δ13C and δ15N was measured. When viewing the results from this, it is 
not possible to completely exclude that skull A is from the 14th century. If 
skull A is from St. Birgitta, her diet would have been extensively dominated 
by fish, which is questionable according to the historical records concerning 
traditions in medieval Sweden.  

In conclusion, the radiocarbon dating of the skulls result in a dating pe-
riod that do not correspond to the time period St. Birgitta and her daughter 
lived. Moreover, the mtDNA analysis reveals a non-maternal relationship. 

 

Table 3. Sequencing results of the HV1 and HV2 regions from skull A (Saint 
Birgitta) and B (Katarina). 

 HV1     HV2 

 16126 16189 16294 16296 16304 73 

rCRS1 T T C C T A 

Skull A T C C C T A 

Skull B C T T T C G 
1rCRS, revised Cambridge Reference Sequence 
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Paper IV 
DNA extraction and analysis of skeletal remains 

Background 
There are several efficient extraction methods for the recovery of DNA from 
skeletal remains. However, because the conditions under which the remains 
have been preserved vary in a large extent, the quality and quantity of the 
DNA can be very different. 

Many extraction methods are based on silica-binding 137-141 or phenol-
choloform 89,91,142. Moreover, ethylene diamine tetra-acetic acid (EDTA) is 
often used to decalcify of the bones and proteinase K is added to digest pro-
teins 143,144. One major problem with old skeletal remains is the high risk of 
exogenous contamination. Different approaches to remove or destroy con-
tamination have been investigated and soaking the bones in commercial 
bleach can be efficient for decontamination 101,102. A perfect extraction 
method would be generally applicable in studies of skeletal remains, and 
would give high yields of DNA while removing PCR inhibitors as well as 
contaminants. However, many extraction protocols use different purification 
procedures and different concentrations of chemical agents, which indicates 
that no leading extraction method is preferred. 

In paper IV, the evaluation of an efficient DNA extraction method for 
bone samples, supposed to have been buried for approximately 70 years, are 
investigated. 

Results and discussion 
The efficiency of DNA extraction based on a salting out procedure was in-
vestigated, in which three different pre-extraction protocols were evaluated 
(Table 4). 
 

Table 4. Three different initiation protocols based on addition of bleach, EDTA, 
proteinase K and SDS were evaluated. 

Extraction Bleach EDTA Proteinase 
K 

SDS 

A + + + - 
B - + + + 
C - + + - 

 
The number of mtDNA copies in extracts from a skull and an ulna were de-
termined, and the success rate of the amplification and sequencing was ev-
aluated. The protocols involved treating whole or pulverised bone samples 
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with two different concentrations of EDTA and proteinase K. One of the 
extraction protocols included a soaking step in commercial bleach (NaOCl). 
A sex determination based on sequencing of the part of the amleogenin gene 
was performed. The presence of a 6 bp deletion on the X-chromosome, ob-
served in the sequencing results, established that both the skull and ulna 
were of female origin. MtDNA quantification was performed according to 
Andreasson et al. 132 and 0-14 110 mtDNA copies/100mg were obtained in 
the different extracts. The extracts were quantified without dilution and at 
dilutions in 1:10 and 1:20. The yield of mtDNA from the skull was consid-
erably lower than that from the ulna, which probably was due to the more 
porous state of the skull and less compact bone material. The highest 
mtDNA yield, in extracts from the ulna, was observed in using protocol A 
(0-5200 mtDNA copies/100mg), whereas protocol C yielded the highest 
amount of mtDNA copies in extracts from the skull (0-1100 mtDNA cop-
ies/100mg). A total of 120 PCR reactions were performed on 20 ulna ex-
tracts (eight obtained using extraction protocol A and B respectively and 
four using extraction protocol C) (three dilutions and amplification of HV1 
and HV2 region respectively) and a total of 96 PCR reactions were per-
formed on 16 skull extracts. Using protocol C, the highest success rates in 
the amplification and sequencing were obtained with pulverised samples in 
both the skull and ulna. Furthermore, using extraction protocol C, 25% of the 
undiluted extracts resulted in detected amounts of mtDNA. By contrast, 92% 
of the undiluted extracts from extraction protocol B gave successful result in 
the amplification and sequencing, indicating that higher concentrations of 
EDTA (0.5M in protocol A and C compared to 6mM, in protocol B) result in 
inhibitory effects in the PCR. In total, 96% of the extracts demonstrated an 
identical mtDNA sequence profile (263G). Soaking pulverised skull samples 
in bleach resulted in reduced yields of mtDNA, and only 8% of these ex-
tracts were successfully amplified and sequenced. Moreover, extracts pre-
pared using protocol B and C demonstrated signs of contamination, whereas 
no contamination was detected in extracts prepared using protocol A. One 
extract prepared using protocol B demonstrated a male profile in the sex 
determination analysis. In addition, the same extract contained a higher 
number mtDNA copies compared to the other extracts from extraction B as 
well as a sequence difference (150T). Thus, soaking the bones in bleach is a 
potential method for decontamination of old skeletal remains prior to DNA 
extraction, especially whole bone samples. 

In this study we investigated DNA isolation, based on different treatments 
prior to an extraction that was based on a salting out method. The protocols 
can be utilised on whole as well as pulverised bone samples that in this case 
had been buried for approximately 70 years. Moreover, a soaking step in 
commercial bleach prior to the extraction can be useful for decontamination, 
but it will also reduce the DNA yield. 
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Concluding remarks and future perspectives 

Forensic DNA analysis has become an indispensable tool in criminal inves-
tigations. A forensic DNA analysis can tie an individual to a crime scene by 
analysing forensic evidence, but just as important is the use of a forensic 
DNA analysis for exoneration of innocent individuals. 

This thesis is focusing on evaluation of sensitive tools to implement in 
several areas in forensic genetics including efficient methods for analysis of 
old skeletal remains. Two Pyrosequencing based systems for the analysis of 
autosomal- as well as Y chromosomal STRs are presented. Markers on the Y 
chromosome are particularly useful in sexual assault cases, in which there 
often are mixtures of female and male DNA. Evaluation and addition of new 
polymorphic loci is furthermore important to improve forensic DNA analy-
sis. In the most recent kits provided by the commercial companies, three 
miniSTR loci and two polymorphic loci have been included in addition to 
the European Standard Set (ESS) 145. MiniSTRs can increase in the success 
rate when typing highly degraded samples, since the amplicons are shorter 
than 200 bp. In Paper I and II, the majority of the amplicons were designed 
to be shorter than 200 bp for optimal analysis of degraded samples. The se-
quence analysis based on the Pyrosequencing technology described in this 
thesis offer a rapid and robust strategy for evaluation of new loci as well as 
detection of sequence variants within and near the repeat. 

Forensic samples are often present in minute amounts, highly degraded, 
can contain inhibitors and exogenous contamination. Old skeletal remains 
often present all of these challenges. Thus, old skeletal remains provide the 
ideal test for the assessment of novel method’s sensitivity. In some cases the 
DNA is so degraded that analysis of mtDNA is the best alternative. The ma-
ternal inheritance of mtDNA makes it convenient for analysis of maternal 
relationships as well as for individual identification in mass disasters or 
missing person investigations. In this thesis a maternal relationship between 
the putative skull of St. Birgitta and her daughter Katarina was investigated 
and excluded. Skeletal remains are often exposed very diverse and harsh 
conditions and the extent of degradation and fragmentation of the DNA be-
tween samples can differ substantially. The variety of different conditions 
that remains are kept in also affects the quantity of DNA. It is therefore 
highly beneficial to have efficient DNA extraction methods that recover 
sufficient amounts of DNA for a subsequent molecular analysis. An optimal 
DNA extraction method also removes inhibitors as well as possible contami-
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nation. In Paper IV, the efficiency in DNA recovery, using different proto-
cols, from samples that have been buried for approximately 70 years was 
estimated. Our result indicates that high concentrations of EDTA are benefi-
cial and that both whole as well as pulverised bone samples can be decon-
taminated using commercial bleach. 

The field of forensic genetics is facing an interesting future. The rapid de-
velopments in massively parallel sequencing technologies for molecular 
analysis present intriguing possibilities in medical genetic research. The high 
throughput NGS technologies provide an enormous capacity in the genera-
tion of sequence data. In the future, resequencing of genomes will facilitate 
the study of for instance CNVs and rare genetic variants associated with 
complex human diseases. The implementation of NGS in forensic genetics 
will be interesting, but requires development of software as well as suitable 
bioinformatics tools to correctly handle the amount of data. 

One interesting aspect in forensic research is the prediction of physical 
traits. The ability to predict a suspect’s eye- or hair colour can provide im-
portant information in criminal investigations, especially in cases where the 
suspect is completely unknown. Strong association between blue/brown eye 
colour and certain SNP loci in the HERC2 gene have been demonstrated 146-

148. However, the genetics behind physical appearance constitute a complex 
pattern of multiple genes 149. Hence, more work is needed to identify mark-
ers suitable for the prediction of physical traits useful in forensic genetics 150. 

Another interesting field in forensic genetics is the identification of body 
fluids. Determination of a body fluid present in a crime scene stain can pro-
vide valuable information to a criminal investigation. Juusola and Ballantyne 
describe a promising system for body fluid identification that is based on 
mRNA profiling 151-153. 

Biological evidence found at crime scenes constitutes some of the most 
important forensic evidence in criminal investigations of the 21st century. 
New technologies are important for the progression of the field. The systems 
presented in this thesis provide rapid and accurate evaluation of novel less 
complex STR loci suitable for forensic DNA typing as well as fast database 
assembly. Moreover, the benefits of mtDNA analysis and improved DNA 
extraction has been presented based on analysis of skeletal remains aged 
between 100 and 700 years exposed to a variety of degrading conditions. 
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