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Genetic profiling is commonly performed on the autosomes using multiple DNA markers.
Although routine forensic DNA analysis is robust and based on reliable technologies, samples
with degraded or limited amounts of DNA often fail. In these cases, the analysis of
mitochondrial DNA (mtDNA) can be very valuable due to the high copy number per cell.
This thesis describes evaluation and modifications of existing technologies that are useful in
forensic DNA typing, mainly focusing on mtDNA.

DNA quantities isolated from common evidence materials such as hairs, fingerprints and
accessories were estimated using a real-time quantification assay. Knowledge of quantitative
differences between materials can guide forensic scientists to perform the best analysis (Paper
D.

The current mtDNA analysis is based on hypervariable region (HVI/HVII) sequencing,
which is the most rigorous and time-consuming forensic DNA analysis. Therefore, we
evaluated the possibility to exclude individuals by screening for non-matching samples using
the rapid and easy mtDNA Linear Array Assay (Paper II).

The major disadvantage using mtDNA is the lower discrimination power compared to
multiple nuclear DNA markers. In contrast to the nuclear genome, due to the uniparental
(maternal) mode of inheritance, no individual has unique mtDNA. We investigated the
possibility of increasing the discrimination power by using pyrosequencing technology to
analyse parts of the coding region in addition to HVI/HVII (Paper III). Furthermore, the
addition of coding mtDNA information was evaluated by comparing several recently
published mtDNA coding region assays (Paper IV).

Mixtures of DNA are common in forensic genetics due to contribution of DNA from
several individuals, contamination or heteroplasmy. To resolve mixtures we have developed a
pyrosequencing-based assay for the accurate quantification of the mtDNA mixture
components (Paper V).

In conclusion, this thesis describes several assays that are valuable in forensic genetics for
DNA quantification, improved mtDNA analysis, and mtDNA mixture interpretation.
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Introduction

DNA-based identity testing

Like a fingerprint, in most cases DNA is unique for a certain individual.
Therefore, specific regions of the genetic makeup, known to be variable
between individuals, can be analysed for DNA-based individual
identification. This type of identification, also called genetic profiling, can
be valuable on several different occasions.

Traces of DNA, commonly found at crime scenes, can be used to reveal
the person who committed the crime as well as exonerate innocent suspects.
In paternity testing and evolutionary studies, the relationship between
individuals and populations is examined using DNA analysis. Identification
of individuals by genetic profiling is also performed following mass
disasters, such as the terrorist attacks of September 11, 2001 and the Asian
tsunami in 2004 or when finding graves after conflicts .

Furthermore, historical investigations can take advantage of DNA
analysis. Ancient remains can be compared to relatives over generations. For
example, skeletal remains from the assumed grave of the last Russian Tsar
family, Romanov (1918), were investigated using DNA analysis > *.
Following comparisons with relatives of the Tsar and the Tsarina, it was
found with high likelihood that the remains are authentic and belong to the
Romanov family. In addition, the DNA analysis of fossils from Neanderthal
skeletons approximately 30,000 years old, found in caves on the
southeastern boundary between Europe and Asia, support the hypothesis that
Neanderthals were not on the direct lineage of modern man > ¢,

History of DNA and forensic genetics

While people committing crimes and others trying to solve them have
always existed, the history of forensic genetics is quite short. DNA typing
was first introduced in forensic analysis in the middle of the 1980s but the
DNA molecule was discovered long before that.
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The discovery of DNA

Several names are worth mentioning in the early field of genetics and the
discovery of DNA. Gregor Mendel is considered to be the founder of genetic
science as he proved the basic principles of heredity by breeding
experiments using peas in 1865 (presented in the paper "Versuche iiber
Pflanzenhybriden", 1866 7).

In 1869, Friedrich Miescher discovered a substance he isolated from the
nuclei of white blood cells, which he called “nuclein” (initially described in
the paper “Ueber die chemische Untersuchung von Eiterzellen”, 1871 ®) °.
This substance later became known as nucleic acid.

Seventy-five years later, in 1944, Oswald Avery and his colleagues
demonstrated for the first time that one type of nucleic acid,
deoxyribonucleic acid (DNA), is the chemical element of heredity '°.
Although it was not fully accepted at first, this discovery is now regarded as
one of the most groundbreaking findings in the history of biology.

In 1953, James Watson and Francis Crick identified the double helix
structure of the DNA molecule ''. This Nobel Prize winning discovery (in
1962) was important knowledge leading to the understanding of basic
mechanisms fundamental for life.

Some years later, in 1956, Joe-Hin Tjio and Albert Levan demonstrated
that the majority of human DNA is densely packed in 46 chromosomes in
the nucleus of the cell '* (Figure ).
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Figure 1. Illustration of a human cell with some of its organelles. Inside the nucleus,
the nuclear DNA is condensed in chromosomes (46 in humans). The figure is made
and provided by Emma Lindsten.

Inventions that are significant for forensic genetics

In 1985, Alec Jeffreys described DNA fingerprinting, the first DNA typing
technology to be used for human identity testing '>°>. DNA fingerprinting is
based on the analysis of short (10 - 15 bp) core sequences shared by a subset
of highly polymorphic minisatellites, or VNTRs (Variable Number of
Tandem Repeats).

The first case resolved using DNA was an immigration case concerning a
disputed identity in the United Kingdom in 1985. A year later, DNA
profiling quickly spread worldwide and, in 1986, the first court conviction
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based on DNA analysis was made in a double homicide case in
Leicestershire, UK, referred to as The Blooding '*"".

The main disadvantage in forensic genetics at this time was the large
amounts of DNA needed. In 1985, Kary Mullis and co-authors presented a
technique called Polymerase Chain Reaction (PCR) that is able to make
several million copies of DNA from only a few DNA copies as starting
material '* ' This invention resulted in a Nobel Prize in 1993.

Following the invention of PCR, new PCR-based assays for DNA typing
were introduced, replacing the methods for analysing minisatellite markers.
Assays for another type of repetitive DNA marker, microsatellites, also
referred to as Short Tandem Repeats (STRs), were developed. Fragment
analysis of STR markers, which are standard today, was first described in the
early 1990s and by 1996 the first multiplexed STR kits became available **
! In recent years, additional DNA analyses that can be useful under special
circumstances have been developed, such as analysis of mitochondrial DNA
and the Y-chromosome, as well as Low Copy Number (LCN) DNA testing.
These assays contribute to make amplification and typing of mixtures, trace
amounts or degraded DNA more straightforward.

The Human Genome Project

In the history of DNA research, the most recent breakthrough probably is the
complete sequencing of the human genome. In 1990, the Human Genome
Project (HGP) was initiated and the Human Genome Organisation (HUGO)
was founded for the international coordination of genomic research. James
Watson, one of the researchers that discovered the double helical DNA
structure in 1953, was appointed to lead HGP.

In February 2001, two separate publications with the first draft of the
human genome sequence were published ** **. In April 2003, a completed
version of the human genome reference sequence was announced (published
in 2004), 50 years after the discovery of the double helix structure of DNA
26 One of the biggest discoveries of the project was that the human
genome consists of 20,000 to 25,000 protein coding genes, less than half the
number of genes that were predicted **. Only a few percent of the entire
human genome of approximately 3 billion bp was found to encode proteins.
Therefore, at least 95% of the genome is non-coding DNA, of which the
function is currently poorly understood. A large fraction of the non-coding
genome has proved to be under active selection and probably contains
information about the regulation of gene expression ’.

The near complete DNA sequence, published in 2004, contained 2.85
billion nucleotides of the human genome and thereby a huge amount of
information was made available. Subsequent to this, a lot of work remains to
reveal what all this information can tell us about our species, Homo sapiens.
Three key challenges for the future have been proposed, the identification of
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(1) all genetic polymorphisms in the population, (2) all functional elements
and (3) all interactions between genes and proteins ** %,

The HGP project confirmed that repetitive sequences are often
polymorphic and constitute a large part (>50%) of the human genome.
Approximately 3% of the genome is found to consist of highly variable
simple sequence repeats scattered throughout the human genome.
Furthermore, the human genome contains millions of biallelic
polymorphisms, Single Nucleotide Polymorphisms (SNPs). It is expected
that about 10 million SNPs exist in the human genome of which many are
linked variants forming a haplotype **. The International HapMap project
identifies and registers such common haplotype blocks in different
populations > *°. Genetic variation among individuals, in the form of
repetitive sequences or biallelic polymorphisms, can be used for human
identification purposes.

DNA markers in forensic analysis

Analysis of fingerprints has been used in criminal investigations since the
introduction of the fingerprint classification formula in 1901 (the Henry-
Galton Classification System) *'. The first genetic tool, although indirect,
used for human identification was the ABO blood group determination,
discovered in the beginning of the 20" century. This classical serological
marker was determined by immunological methodologies. However, as the
number of polymorphisms (or blood groups) is limited, blood grouping did
not provide very informative results. In recent years, approaches based on
highly polymorphic DNA markers have revolutionised the field of forensic
science > **.

The human genome contains large regions of repeated DNA. Sequences
of tandemly repeated DNA can be divided into three groups depending on
their overall size; satellite DNA, minisatellite DNA and microsatellite DNA.
The number and size of the repeat units varies between the groups. Satellites
are composed of repeat units of a wide range of sizes and commonly span
100 kilobases up to megabases. Minisatellites, also called VNTRs, contain
10 to more than 1000 repeats with a size of 10 - 100 bp per repeat unit.
Finally, microsatellites, also called STRs, usually contain less than 50 short
repeat units, between 2 and 6 bp each 33,

In 1985, minisatellites or VNTRs were the first type of DNA marker to be
introduced in forensic genetics, a method known as DNA fingerprinting. The
tandem-repetitive regions were analysed using the RFLP technique
(Restriction Fragment Length Polymorphism), in which the DNA molecule
is cut at specific recognition sites. According to a method called Southern
blot, the DNA fragments are then separated by size, denatured and
transferred to a nylon membrane where they are detected by hybridisation to
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radioactively labelled probes. DNA fingerprinting was first performed using
multi-locus probes. Single-locus probes were later introduced, which were
simpler to standardise and interpret. However, large amounts of DNA were
required for both types of DNA fingerprinting and the technology was
laborious ****,

The PCR revolution

The PCR technology was described in 1985 and is based on synthetic DNA
replication '® '°. The reaction requires two primers flanking the region to be
copied, free nucleotides and a DNA polymerase. The actual reaction
involves three major steps; denaturation, annealing and extension. These
steps are repeated in 30 - 50 cycles giving an exponential increase in DNA
copies.

In the early 1990s, PCR-based DNA typing using microsatellites (STRs)
was introduced in the forensic community ***°. The STR markers are highly
polymorphic and the number of repeats at each locus usually varies to a great
extent. Fluorescent labelling and size separation using gel, or more recently,
capillary electrophoresis is commonly used to detect length variation. The
genotype is determined by the sizes of the two alleles that each individual
carries, estimated by comparison to control allelic ladder markers *"**”. The
nucleotide length of the fragment is then converted to the corresponding
number of repeats for each allele. In 1997, 13 genetic markers were selected
to be the core of the Combined DNA Index System (CODIS) developed by
the FBI Laboratory, U.S. Two years later, in 1999, the U.K. and many
European nations adopted 10 core loci as a standard, of which eight are
overlapping loci with CODIS (FGA, THO1, VWA, D3S1358, D8S1179,
D16S539, D18S51 and D21S11). Accordingly, five additional markers are
used by CODIS (CSFIPO, TPOX, D5S818, D7S820 and D13S317).
Moreover, two additional loci are used in the European standard (D2S1338
and D19S433). Today, several commercial kits have been developed for
typing these loci for the purpose of individual identification. The number of
alleles seen at the eight loci that overlaps between most of the kits varies
from 15 to 89 22!,

The commercial kits available today utilise multiplex analysis of multi-
allelic STR markers located on different chromosomes for a high power of
discrimination. Furthermore, the microsatellites are short compared to the
VNTR markers, increasing the sensitivity. Since its introduction, multiplex
STR analysis has become the golden standard and a valuable tool for
forensic DNA typing used in most routine DNA analysis laboratories ** **.
There are several commercial kits for multiplex STR typing, e.g.
PowerPlex” 16 (Promega Corporation) and AmpFISTR® Profiler Plus® ID
(Applied Biosystems), typing 16 and 10 STR markers respectively. As
mentioned above, most markers are shared between many of the Kkits,
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allowing searches in international databases containing profiles of convicted
felons 2%’

Single Nucleotide Polymorphisms (SNPs) are a type of DNA marker
consisting of a change of a single nucleotide. Many different technologies
are used for SNP analysis such as allele specific hybridisation, primer
extension, oligonucleotide ligation and invasive cleavage ** *'. Novel SNP
genotyping methods, based on new platforms and chemistries are
continuously being developed. The discrimination power obtained by
analysis of a single SNP is lower compared to a single STR marker, so more
markers are required. On the other hand, due to shorter amplicon sizes,
analysis of SNPs has the advantage of a higher success rate if the DNA is
degraded and in poor condition *.

Analysis of challenging samples

The DNA content obtained from a sample can vary enormously. One reason
for limited DNA quantities can be that certain types of samples contain small
initial amounts of DNA. In addition, degradation caused by time,
environmental exposure to degrading agents and suboptimal storage
conditions can reduce the DNA amounts available for analysis. Skeletal
remains such as bones, teeth, hairs without roots and highly decomposed
tissues are known to contain scarce amounts of intact DNA. Consequently,
analysis involving this type of forensic sample, or even ancient DNA
samples, is a major challenge.

For successful DNA typing by conventional autosomal STR analysis,
0.25 to Ing of DNA is required ** *. Assuming that 3pg of DNA
corresponds to 1 haploid cell, approximately 85 to 340 nuclear genome
equivalents are needed **. Efforts have been made to increase the possibility
to analyse samples that contain limited amounts of DNA or are highly
degraded. A critical factor influencing the success rate when amplifying
degraded samples is amplicon size. The products in the conventional STR
marker kits range in size from 100 to 450 bp, amplicon sizes that have
proved to be unsuccessful in some cases ** ** **. Thus, implementation of
new markers or improved assays of existing markers can provide an
increased possibility to amplify severely degraded DNA.

Since smaller amplicons are more likely to be amplified in samples
containing degraded DNA, reduced-size markers (miniSTRs) have been
developed. Some of the existing high molecular weight markers have been
converted to miniSTR markers by reduction of the flanking regions outside
the tandem repeat sequences > ****. However, the redesign of the primer
binding sites is not possible for all conventional STR markers, due to a large
range of allele sizes or unsuitable flanking regions for primer localisation. A
clear advantage of using existing STRs with smaller amplicons (miniSTRs)
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is their compatibility with established national DNA databases ** **. The
lower limit for accurate analysis of the miniSTRs has been demonstrated to
be approximately 31pg of DNA, corresponding to 10 genome equivalents,
although 100 to 250pg (approximately 34 to 85 genome equivalents) is
required for successful amplification of all markers . As very short PCR
products (less than 150 bp) are preferable, new informative STR markers
have been identified. The implementation of three new loci as European
standard has been agreed upon by the European DNA Profiling group
EFBNAP) and the European Network of Forensic Science Institutes (ENFSI)

An even more sensitive analysis can be achieved by SNP typing, as the
amplicon sizes can be limited to around 50 bp. However, using SNPs
requires more loci, approximately 50 SNP markers, to reach the
discrimination power obtained with existing STR multiplexes (10 - 16 STRs)
>3 In addition to these new or redesigned markers, other strategies can be
used in special cases. To obtain a sensitive analysis, mitochondrial DNA
(mtDNA) or Low Copy Number analysis (LCN) can be used. Furthermore,
for a male-specific analysis of mixed samples, Y-chromosome analysis is
often performed. These specialised typing assays for challenging samples are
described in more detail in the following chapters.

Mitochondrial DNA

Forensic materials that are unsuccessfully typed for nuclear DNA (nDNA)
markers are often more successfully analysed using the multicopy
mitochondrial genome.

The mitochondrion is an organelle located in the cytoplasm of the cell and
is thought to have originated from endosymbiosis of a proteobacteria into a
primitive eukaryotic cell **. The main function of these organelles is to
produce cellular energy in the form of ATP in the oxidative phosphorylation
process. During this process, electrons are transferred through protein
complexes in the inner mitochondrial membrane, forcing protons (H+) out of
the mitochondrial matrix thereby creating a proton gradient. The final step of
oxidative phosphorylation is the generation of ATP by proton transport back
into the matrix through Complex V, also called ATP synthase . In 1978,
Peter Mitchell was awarded the Nobel Prize for the discovery of the
electrochemical proton gradient, the chemiosmotic hypothesis, which is the
mechanism of ATP synthesis °* *’. Furthermore, Paul Boyer and John
Walker shared half the Nobel Prize (in 1997) for the discovery of the ATP
synthase mechanism **.

The sequence of the mitochondrial genome was first described in 1981 °'.
The sequence was later corrected in 1999  and is commonly referred to as
the revised Cambridge reference sequence (rCRS). The mitochondrion
contains its own double-stranded genome, consisting of 37 transcribed genes
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located in the coding region. Of these genes, 13 code for proteins, 22 for
tRNAs and two for rRNAs. The mitochondrial genome also consists of a
non-coding control region, which contains the origin of replication for one of
the mtDNA strands, the outer (heavy) strand (Figure 2).

HVI: 16024 - 16365
HVII: 73 - 340

NDs 16 569 bp

ATPase8 /'ml

‘Q?S.u

ATPase6

conl Zol

A
-
P>

= o
Mitochondrial DNA

Matrix
Inner membrane >

Quter membrane

Figure 2. Overview of the mitochondrion. The mitochondrion is the only organelle
in human cells that comprises DNA of its own (16,569 bp). The mitochondrial
genome is found in the matrix inside the inner membrane. The figure is made and
provided by Eva Uppsill.

The number of mitochondrial DNA molecules per cell varies between
different types of cells and tissues. It has been reported that each cell has on
average 107 mitochondria and that each mitochondrion has between 1 to 15
mtDNA molecules with an average of 4.6. Consequently, each cell has
approximately 500 copies of mtDNA, compared to two copies of nuclear
DNA %. However, even taking the higher copy number into account,
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mtDNA only comprises approximately 0.25% of total DNA in a cell. This is
due to the significantly smaller size of the mitochondrial genome, consisting
of 16,569 bp compared to the 3 billion bp of DNA in the nucleus *°.

The mitochondrial genome is circular, which may make it less prone to
degradation by exonucleases *” ®*. Another characteristic feature of mtDNA
is that it is entirely inherited from the mother ®; therefore all maternal
relatives share the same mtDNA type. Also, since mtDNA has not been
shown to recombine, it behaves as a single (clonal) locus and as a result no
unique mtDNA profile exists.

Mitochondrial DNA has a very high mutation rate, approximately 10-fold
higher compared to nuclear DNA, probably as a result of poor repair
mechanisms as well as a decreased proofreading efficiency of the mtDNA
polymerase **>* . In addition, the mitochondrial genome is exposed to high
levels of toxic free radicals produced during the oxidative phosphorylation,
which is described in more detail below in the chapter “Mitochondrial DNA
in ageing”. Another property of mtDNA compared to nDNA is the lack of
protecting histone proteins, which further could contribute to the increased
mutation rate observed in the mitochondrial genome ** ¢’. When a mutation
arises, a mixture of two types of mtDNA can be observed in an individual, a
certain tissue, a single cell, or mitochondrion. This situation is known as
heteroplasmy and is generally at such low level that it is normally not
detected by standard methods ®. However, deleterious heteroplasmic
missense mutations have been associated to disease. The proportion of
normal and pathogenic types has been reported to affect the clinical outcome
of the disease ®. Furthermore, the threshold for expression of disease by the
same mtDNA mutation can differ among cell types >°.

Forensic mtDNA analysis

When conventional STR typing fails in forensic analysis, the advantage of
the high mtDNA copy number per cell can be utilised. In samples that
contain very small amounts of DNA or are severely degraded, mtDNA can
often be used as an alternative source of genetic information. This method is
highly sensitive with the capability to amplify and sequence small amounts
of DNA. It has been shown that 30fg or approximately 10 mtDNA copies,
less than the content of a single cell, can be sufficient for a successful
analysis "°. Many legal cases involving different evidentiary materials, as
well as population studies, have been conducted since the introduction of
mtDNA analysis in the forensic field ®* "™, However, in comparison to the
analysis of multiple nuclear markers, analysis of mtDNA results in a lower
power of discrimination due to the lack of recombination.

Routine analysis of mtDNA is based on detection by Sanger sequencing
of SNP variation in the two most variable regions in the genome, HVI and
HVIIL. These hypervariable regions are situated in the non-coding control
region (Figure 2). Generally, approximately 610 bp are sequenced in routine
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forensic mtDNA analysis (HVI; 16024 to 16365 and HVII; 73 to 340) and
the resulting nucleotide sequence is evaluated for deviations from the rCRS.
It has been estimated that analysis of HVI/HVII in mtDNA results in 7 to 14
(8 on average) nucleotide deviations between unrelated Caucasian
individuals *.

Different mtDNA lineages are commonly classified into haplogroups,
defined by specific genetic variants. Haplogroups are often geographically
related and the most common HVI/HVII type (the sub-haplogroup HI,
identical to rCRS) is shared by 7% of the Caucasian population "> "%,

LCN analysis (low copy number)

Although an mtDNA profile can be very valuable in certain cases when
conventional STR analysis fails, its low discrimination power remains as a
main disadvantage. Therefore, extensive efforts have been made to achieve
more sensitive nuclear DNA typing assays. One alternative strategy to
analyse nDNA is called Low Copy Number (LCN) DNA testing. By
increasing the number of PCR cycles in the routine assays from 28 to 34, a
higher success rate for samples containing scarce amounts of DNA is
obtained. LCN analysis can be performed using less than 100pg of input
DNA, corresponding to 34 genome equivalents. The lower limit for LCN
analysis has even been demonstrated to be 25 - 50pg of DNA, equivalent to
approximately 8 to 16 genome equivalents .

Y -chromosomal analysis

DNA markers located on the non-recombining region of the Y-chromosome
(NRY) are passed from generation to generation without exchange of genetic
material between chromosomes. Therefore, the Y-chromosome shows a
uniparental inheritance pattern, similar to mtDNA although through paternal
rather than maternal transmission. As with mtDNA analysis, this results in a
lower power of discrimination compared to using unlinked autosomal
markers. Nevertheless, analysis of polymorphic DNA markers on the Y-
chromosome, STRs as well as SNPs, can be valuable in certain cases.
Samples taken after sexual assaults such as rape cases commonly consist
of a mixture of female and male DNA. By analysing the male fraction using
Y-chromosome markers, which in most sexual assault samples are present in
minor amounts, the DNA profile from the male perpetrator can be
determined. Furthermore, Y-chromosomal markers can be utilised to prove
relationships in paternity testing, historical investigations as well in missing
person investigations. In particular, this analysis is useful when only distant
relatives on the paternal side are present as donors of reference material.
Furthermore, due to the paternal inheritance, analysis of the Y-chromosome
is helpful in evolutionary studies to perform phylogenetic analyses *’. The
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bi-allelic SNP markers on the Y-chromosome are regularly combined into
haplogroups, just like mtDNA, while the multi-allelic STR markers are
combined into haplotypes *°.

The most common Y-STR markers used are the loci included in the
“minimal haplotype”, proposed in 1997 (DYS19, DYS3891, DYS389II,
DYS390, DYS391, DYS392, DYS393 and DYS385a/b), as well as two
additional loci, later proposed by the Scientific Working Group on DNA
Analysis Methods (SWGDAM) (DYS438 and DYS439) ***. As for the
autosomal STR markers, commercial kits are available, e.g. PowerPlex” Y
(Promega Corporation) and AmpF/STR® Yfiler (Applied Biosystems),
typing 11 and 16 Y-STR markers respectively.

Technologies for detection of DNA markers in forensics

Fragment analysis of STR markers

The most common technology used today for analysis of STR markers is
size separation by gel or capillary electrophoresis, using fluorescently
labelled primers. The result of this analysis is the number of repeats on each
allele and no information regarding the sequence is obtained. Two examples
of partial DNA profiles following fragment analyses can be seen in Figure 3.
The markers are usually amplified in one multiplex PCR reaction and all
markers are separated by size simultaneously. Therefore, since fragments
within the same size range will overlap, designing longer fragments for some
of the markers can be required. A drawback with this strategy is the
difficulty of amplifying the markers with longer fragments in the analysis of
severely degraded DNA samples. The number of fluorescent dyes used for
labelling the PCR products influences how many fragments that can be
separated in each dye channel. The possibility to use more dyes, decreases
the requirement of extending the sizes of the amplicons to avoid overlapping
fragment sizes. Today a 5-dye detection system is most commonly used.
This allows four of the dyes to be used for labelling the PCR products as one
dye is used for the internal allelic ladder ***'.
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Figure 3. STR marker separation. Electropherograms illustrating size separation of
four STR markers from two individuals. The y-axis shows the fluorescence intensity
and the x-axis shows the molecular weight of the marker in number of bp. The
AmpFISTR® Identifiler™ kit (Applied Biosystems) has been used, analysing 16
markers. The electropherograms are provided by The National Board of Forensic
Medicine, Department of Forensic Genetics, Linkdping, Sweden.

Sanger dideoxy sequencing

In 1977, Sanger described a new method for determining the nucleotide
bases in DNA *. For this discovery, Frederick Sanger shared the Noble Prize
in 1980. The technology is based on the incorporation of either
deoxynucleotide triphosphates (dNTPs) or chain-terminating
dideoxynucleotide triphosphates (ddNTPs), lacking a hydroxyl group at the
3’end, to the elongating DNA sequence. This results in the random
generation of fragments of all various sizes, from only one base following
the primer up to a thousand bases of sequence (Figure 4).

DNA template > CCAGCTTGATACGTGCGCTA............... 5
Sequencing primer > GGTCGAACTA
AT
ATG*
ATGC

ATGCA ﬁ

ATGCAC
ATGCACG
ATGCACGC
ATGCACGCG i
ATGCACGCGA
ATGCACGCGAT

Figure 4. Principle of Sanger sequencing. Incorporation of ddNTPs terminates the
elongation of the sequences at a given nucleotide, 1%enerating labelled fragments,
each one base different in length (Dye Terminator = chemistry).
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Sanger sequencing can be performed by different labelling chemistries such
as Dye Primer  and Dye Terminator (Applied Biosystems). Using Dye
Primer" chemistry, four different sequencing reactions are performed, in
which each contains a specific fluorescently labelled primer as well as one of
the ddNTPs. Labelled sequencing primers hybridise to a universal tag
sequence attached to the 5’end of the PCR primers. Prior to size separation
by gel or capillary electrophoresis, the four reactions are pooled together.
The main advantage of this chemistry is that longer sequences with good
quality can be achieved and the peaks are evenly distributed. For whole
genome mtDNA sequencing (16 569 bp), an approach has been described
that uses 24 overlapping PCR fragments together with the Dye Primer
chemistry ¥'.

In the Dye Terminator chemistry, the four different ddNTPs are
fluorescently labelled, one dye for each dANTP (Figure 4). The sequencing
is performed in one reaction and is therefore less time consuming and less
labour intensive. Following electrophoresis, an electropherogram is
generated as illustrated in Figure 5. The emission of the different fluorescent
dyes is measured as the fragments pass a detector, creating peaks of different
colours. The Human Genome Project (HGP) was completed using this
sequence technology **>*.
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Figure 5. Sanger sequencing of mtDNA. Electropherograms generated by Sanger
dideoxy sequencing of mtDNA extracted from three ancient bone remains found in a
grave from the 10" century in Sigtuna, mid Sweden. The mtDNA sequences show 3
positions that differ between the individuals in the HVI region (16222, 16223 and
16224), indicated in the figure.

Pyrosequencing

The pyrosequencing technology is a sequencing-by-synthesis method that is
based on four enzymatic reactions generating light ** *. Nucleotides are
added one at a time, either in a cyclic or a sequence directed dispensation
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order. If the nucleotide is complementary to the template DNA, the DNA
polymerase enzyme will incorporate it and pyrophosphate (PPi) is released.
ATP Sulfurylase converts the PPi to ATP, which is used by Luciferase to
produce light. The last enzyme, Apyrase, degrades the excess of ATP and
dNTPs before a new cycle begins. If the added nucleotide is not
incorporated, Apyrase will degrade it without any production of light
(Figure 6) °"°".

DNA Polymerase
DNA template * ATGCACGCGATAGTTGCGAGACECTG °
Sequencing primer 5 TACGIGCGCT ?

= | ~oyrase >

dATP demp dCMP =
PPi dTMP F]
1 Sulfurylase f

ATP

1

GCATGC
- CAA- - C

Nucleotide incorporated:
Nucleotide sequence:

1@ A

- o

Figure 6. Principle of the pyrosequencing reaction. Illustration of the enzyme
cascade that produces light proportional to the incorporated nucleotides.

The light that is produced in the pyrosequencing reaction is detected by a
CCD camera and is illustrated as a peak in a pyrogram. As the light intensity
is proportional to the number of incorporated nucleotides, a sequence that
contains more than one identical nucleotide in a row (homopolymeric
stretch) will create a proportionally higher peak (Figure 7).

AL RER

Individual 1 i
DNA sequence: GGGCCATAAAGCCTAAATAGCCCACACGTTCCCCTT

AEEEHIEES

Individual 2
DNA sequence: GGGTCATMAGCCTMATAGCCGAGACGTTCCCCTT

Figure 7. Pyrosequencing of mtDNA. Subsequent to nucleotide incorporation in
pyrosequencing, light is produced and detected by a CCD camera generating peaks
in a pyrogram. Pyrograms of mtDNA from two different individuals are shown in
the figure, and arrows indicate a nucleotide difference obtained in position 16519.
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The linear relationship between released light and the number of
incorporated nucleotides allows accurate quantification, which is an
advantage compared to Sanger sequencing °>. An additional advantage of the
pyrosequencing technology is that the DNA sequence immediately after the
primer can be easily interpreted. By using Sanger dideoxy sequencing, the
20 first bases subsequent to the primer are often difficult to interpret due to
the low molecular weight of short fragments as well as the interference of
labelled nucleotides. Disadvantages of the pyrosequencing technology
include limited possibilities of multiplexing, as well as a limited read length
-9 However, further improvements of the technology are constantly in
progress. One example is the use of single-strand binding protein (SSB),
which facilitates longer reads *°. Furthermore, the use of an alternative DNA
polymerase, Sequenase, has proved to sequence homopolymeric stretches
more successfully and has resulted in longer reads *°.

Several assays have been described for sensitive DNA analysis in
criminalistics using the pyrosequencing technology. These assays determine
a wide range of markers such as autosomal STRs, Y-chromosome markers
(STR and SNP) as well as D-loop and coding mtDNA "’

Further developments and modifications of this technology have resulted
in large-scale parallel pyrosequencing, referred to as 454 sequencing (454
Life Sciences). In this method, single-stranded DNA (ssDNA) is amplified
by bead-based emulsion PCR (emPCR™). Sequencing is performed on
millions of clonal copies of DNA fragments that are attached to beads '™’.
This approach has several advantages, for instance the large amount of
sequences analysed in each run allows detection of rare DNA types.
Furthermore, the sequence is derived from ssDNA, which makes it possible
to observe the sequence from the actual template strand, as opposed to
conventional sequencing. The 454 sequencing technology has been used for
analysis of nuclear DNA and mtDNA of wholly mammoth remains '*,
ancient wolf remains '** as well as Neanderthal remains ' '**.

Sequence-specific oligonucleotide probe hybridisation

One of the initial approaches to detect DNA polymorphisms based on PCR
was oligonucleotide probe hybridisation. The technology was first based on
sequence-specific oligonucleotide (SSO) probes that were hybridised to
amplified DNA fragments attached to a membrane, called a dot blot '”.
However, this was time consuming and further developments of the method
resulted in the reverse dot blot assay, in which the SSO probes are
immobilised to the membrane instead '®. Following the hybridisation,
washing is performed under stringent conditions in order to allow detection
of only the perfect matches between probe and target. As the DNA
fragments are biotinylated during PCR, the enzyme conjugate streptavidin-
horse radish peroxidase (SA-HRP) binds to the PCR products. By the
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addition of a chromogenic substrate, a coloured precipitation becomes
visible on the membrane (Figure §8).

Assays based on SSO probe hybridisation are commonly used as a pre-
screening tool in forensic genetics, since they are less labour intensive,
cheaper and less time consuming compared to many other DNA typing
technologies '"'"*. SSO typing has also been performed in many other areas
such as disease association studies ''*, population genetics and evolutionary
studies ''° and for matching individuals before organ transplants .

Hybridisation assays, other than SSO probe typing, have been developed,
such as Dynamic Allele-Specific Hybridisation (DASH) ', LightCycler”
and Molecular Beacons *'. An additional method based on hybridisation is
the TagMan" assay, described in more detail below.

PCR-product
—p—| ATGCACGCGAT [ Streptavidin

Probe | TACGTGCGCTA |
0 ! 0

I LI XL

c A B c D E Precipitation

T™MB

Figure 8. Overview of the linear array assay. Sequence-specific probes are attached
to a membrane, to which biotinylated PCR products are hybridised. Following the
addition of an enzyme conjugate and chromogenic substrate (tetramethylbenzidine,
TMB), a coloured precipitation can be seen on the membrane where the probes with
a perfect match are attached.

Quantification of DNA by real-time PCR, TagMan®

Information regarding the amount of DNA (mtDNA and nDNA) recovered
from a material is essential for further forensic DNA analysis. A
quantification assay can guide the researcher to the optimal assay for further
analysis for each specific sample. If there is enough DNA to perform nDNA
analysis, which provides the highest discrimination power, a less
discriminating and more labour intensive mtDNA analysis is avoidable.
Furthermore, the optimal amount of DNA extract to be consumed in each
analysis can be revealed by DNA quantification. As forensic materials are
usually extremely limited, valuable DNA has to be used in such way that the
minimum amount is used while ensuring that the analysis is informative and
reliable and enough sample remains to permit replication.

The 5°to 3" exonuclease activity of the Taq DNA polymerase is utilised in
the TagMan” technology. A probe that contains a reporter fluorophore in the
5" end and a quencher fluorophore in the 3" end is hybridised to the DNA
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template. For accurate quantification it is important that the target used is a
single copy gene. As long as the two fluorophores are in close proximity, no
fluorescence is detected. However, during strand elongation in the
amplification process, the probe is cleaved and the reporter dye intensity
increases with each cycle of the PCR U9 (g, igure 94).

>
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Figure 9. Principle of real-time quantification. A) Illustration of the Real-Time
5’exonuclease detection assay (TagqMan®) used for DNA quantification. The probe
hybridised to the template is cleaved during elongation, causing separation of
reporter and quencher, and thereby resulting in increased fluorescent emission
intensity. B) Since the light is proportional to amplification, the cycle at which the
emission rises above the baseline (C,) can be used and compared to a standard curve
to infer quantity.

The fluorescent emission intensity increases exponentially and is detected by
a CCD camera. The specific cycle during the PCR at which the fluorescence
reaches a threshold, is called the threshold cycle (C,). If the sample contains
low levels of DNA, a high number of amplification cycles will be required
for detection, resulting in a high C; Therefore, the C; is inversely
proportional to the target concentration (Figure 9B).

To perform absolute quantification, serial dilutions of DNA with known
concentrations are used to estimate the copy number in the sample.
Quantification by real-time 5 exonuclease assays is in most cases extremely
sensitive, allowing detection down to single copies °’. An example of
mtDNA quantification of DNA recovered from a skull from the relic shrine
in Vadstena Abbey can be seen in Figure 10. The study was performed
according to Andréasson et al.”’.
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Figure 10. Quantification of mtDNA extracted from a skull preserved in the relic
shrine in Vadstena Abbey. The amplification plot shows the result of two quantified
DNA samples from the skull (18 and 36 mtDNA copies) as well as the standard
curves of known DNA amounts. The y-axis shows the reporter emission intensity (in
a logarithmic scale) and the x-axis shows the number of cycles.

There are methods other than quantitative real-time PCR (Q-PCR) used to
determine DNA amounts. Some of those are hybridisation of radioactively
labelled or biotinylated probes '*” '*! a system based on the Luciferase
reaction (AluQuant ) '*, use of the intercalating dye PicoGreen” '* as well
as competitive PCR '**. However, these assays are not as sensitive as real-
time 5 exonuclease assays and only detect nDNA copy number.

In addition, 5’exonuclease detection (TaqMan") is commonly used for
SNP typing, in which several probes are used for allele-specific
discrimination '*°.

Discrimination power and statistics

The discrimination power of the conventional analysis using multiplex
autosomal STR markers is very high. Since in most cases, the different
markers are located on different chromosomes, they can be regarded as
unlinked, segregating independently of each other during meiosis. To
estimate the random match probability the frequencies of the genotypes in a
profile are multiplied. This is commonly described as the product rule *'.
This results in an average power of discrimination of 3.4x10" for
PowerPlex® 16 typing 16 STR markers, and 9.4x10' for AmpF/STR™
Profiler Plus® ID typing 10 markers *°. Therefore, analysis using nuclear
DNA is preferred whenever possible, due to its high discrimination power.
The result obtained from mtDNA typing could be of three types:
inclusion, exclusion or inconclusive. When the DNA profiles of evidence
and reference are consistent at each nucleotide, the reference individual
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cannot be excluded as the source of the sample and is therefore referred to as
an inclusion. On the other hand, if there are at least two nucleotide
differences between the samples, it can be excluded that the evidence is
originating from the reference. The reason for the requirement of two
nucleotide differences for exclusion is that although the samples originate
from the same individual, it allows for the possibility of a sporadic mutation
or heteroplasmy in one of the samples investigated. Therefore, if only one
nucleotide difference is obtained between the two analysed samples, the
result will be called inconclusive *%'%7.

When an identical mtDNA profile is shared between evidence and
reference samples, the probability of a random match has to be evaluated,
which is regularly done by the “counting method”. To demonstrate if the
shared mtDNA profile is common or not, the number of times the particular
sequence is observed in a database of unrelated individuals is counted .
Since the size of the database could be a limiting factor, the frequency of an
mtDNA profile is usually overestimated. The main reason for the rather low
discrimination power is the uniparental inheritance pattern and lack of
recombination. For this reason, mtDNA is treated as a single locus in the
evaluation of typing results. As with the mitochondrial genome, no
recombination occurs between the Y-chromosome markers, located in the
NRY region. Therefore, the counting method is also used to estimate the
frequency of a Y-chromosome profile.

Issues in forensic DNA typing

As mentioned above, there are several approaches to perform a highly
sensitive analysis when DNA is scarce or degraded. This could be
accomplished by miniSTR, mtDNA or LCN analysis. However, to ensure an
optimal assay and reliable genetic profiling using these approaches, several
issues have to be considered before routine implementation. These issues
will be discussed in further detail in this chapter, emphasising those
concerning mtDNA analysis.

DNA quantity and quality

Several environmental factors contribute to a rapid breakdown of DNA,
including free radicals, water, high temperatures, nucleases and humidity.
This degradation of DNA yields fragmented templates and is a major
problem in forensic DNA typing. When too few intact DNA molecules are
used in the analysis, partial STR profiles and allelic dropouts can be obtained
-7 Similar problems are associated with LCN analysis, mainly resulting
from increased stochastic variation when such small amounts of DNA are
investigated '*. Therefore, a duplication guideline, which involves duplicate
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amplification and generation of a consensus profile, has been proposed to
avoid misinterpretations when performing LCN analysis * 7 '%.
Furthermore, by applying a statistical theory, LCN analysis takes stutters,
allelic dropouts and contamination into account. Because of the ability to
obtain DNA profiles from extremely small amounts of DNA, LCN typing
has also been demonstrated to detect secondary transfer ** *'. Thus, special
caution should be taken in interpretation as well as in handling of the
materials when analysis of low quantities of DNA is performed. Due to the
uniparental inheritance of mtDNA, allelic dropout does not occur in mtDNA
analysis. Nevertheless, standardisation of interpretation and nomenclature
are highly important in mtDNA analysis and guidelines have been
established 126 127 132,133

PCR inhibitors are quite common in evidence materials. Such inhibitory
substances could be co-extracted with the DNA obtained from an evidence
sample and can prevent PCR amplification in many ways. Common PCR
inhibitors are melanin in hairs, textile dyes, urea and haemoglobin in red
blood cells. To reduce the effect of inhibitors the DNA extract can be
diluted. Addition of bovine serum albumin (BSA) as well as extra DNA
polymerase has been shown to prevent or minimise the inhibition of
amplification '**. Furthermore, separation of the inhibiting compounds from
the DNA extract can be performed using certain spin columns containing
filters for purification and concentration of the samples .

Contamination

Special care must be taken during forensic DNA typing to avoid
contamination, especially when analysing small amounts of DNA. Although
addition of more DNA polymerase and an increase in the number of PCR
cycles usually improves analysis of low levels of DNA, it also makes the
analysis even more prone to contamination > 7. Therefore, it is of great
importance that the environment in laboratories performing mtDNA or LCN
analysis is extremely clean. For mtDNA typing, which is a very sensitive
technique for low levels of DNA, international recommendations regarding
laboratory practice and handling of samples have been established '** 2" 132,
To screen for contamination, reagent blanks and negative controls should be
analysed along with all samples. The quality of the DNA in most evidence
samples is poor in comparison to DNA from laboratory personnel and
reference samples. Therefore, evidence samples should be analysed before
the reference samples to avoid DNA contamination of the evidence.
Furthermore, all laboratory personnel should be DNA typed for comparison
if contamination should occur *°. Analysis of ancient DNA, which is often
regarded as the ultimate challenge in terms of contamination as well as
degradation, has special restrictions and guidelines, which are discussed in a
chapter below.
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Mixtures

A DNA mixture is a sample consisting of DNA from more than one
individual. Mixture obtained in an evidence material can have occurred prior
or subsequent to sample collection. When forensic casework samples contain
DNA from multiple contributors, the interpretation of DNA profiles is often
complicated. In conventional STR typing, determination of the major and
minor component in a mixture can be performed, but this requires careful
interpretation and statistical evaluation *> '*°. However, in mtDNA typing,
no reliable resolution of a mixture can be obtained by the routinely used
Sanger sequence technology. The result of an mtDNA mixture is therefore
usually called inconclusive. While reasonably accurate methods for mixture
quantification have recently been developed, resolving mixtures can still be
complicated. The number of contributors can be overestimated due to
existence of heteroplasmy but also underestimated due to individuals sharing
the same mtDNA haplogroup "*’. To consider a sample a true mtDNA
mixture, derived from multiple individuals, at least three positions in
HVI/HVII (610 bp) should possess multiple nucleotides. Otherwise, the
presence of more than one mtDNA type could be due to heteroplasmy *°.

Heteroplasmy

Heteroplasmy is a phenomenon where different mtDNA types are present
within the same individual. Heteroplasmy might result from point mutations
in the germline (during meiosis) or from somatic mutations (during
replication in mitosis). Heteroplasmy is often regarded as the intermediate
state between two homoplasmic DNA types. Subsequent to the occurrence of
a mutation, more than one type of mtDNA can be present in a cell or tissue
because of the multicopy feature of mtDNA. Through a process known as
replicative segregation, the distribution of mtDNA types has been
demonstrated to drift towards homoplasmy '® **'*Heteroplasmy has been
reported to differ between tissues, with the highest frequencies seen in
muscle tissue, and has also been reported to increase with age '*.
Heteroplasmy usually occurs in hotspot positions and more than one
heteroplasmic site is rarely seen in the 610 bp normally sequenced in
HVI/HVII ** ! Nevertheless, the presence of heteroplasmy can complicate
the interpretation as well as improve the match probability in DNA
identification. For this reason, interpretation guidelines provide
recommendations of how to handle heteroplasmy '** '3,

An example of a case where the finding of heteroplasmy actually
improved the probability of a match is the Romanov case, explained in the
chapter “DNA-based identity testing” above. The Russian Tsar Nicholas II
and his brother (Grand Duke of Russia, Georgij Romanov) both displayed
the same heteroplasmic position (16169C/T), supporting the identification *.
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Two different categories of heteroplasmy can arise; single nucleotide (point)
and length heteroplasmy. Length heteroplasmy, which is a likely result of
replication slippage, is commonly seen in homopolymeric regions. Two C-
stretch regions are located in the control region, one in HVI (16184 - 16193)
and one in HVII (303 - 315). If no clear determination of the exact number
of cytosines can be done, the heteroplasmic C-stretch region should be
treated as having the same number of cytosines in all samples ** "> ',

Pseudogenes

Pseudogenes can be described as a non-functional copy of a normal gene
that has been slightly altered so it is no longer expressed '**. Portions of the
mitochondrial genome have been observed in the nuclear genome, described
as nuclear mtDNA segments (Numts) '** ', These mitochondrial
pseudogenes can be found evenly distributed across all human chromosomes
and could complicate mtDNA analysis if they are amplified simultaneously
with mtDNA. However, most of them are found to differ from modern
mtDNA to some extent and since mtDNA is in excess of nDNA, the Numts
rarely cause any problems > '* 1%

DNA databases

Two types of DNA databases are available and used today. First, population
databases with DNA profiles from a number of randomly selected
individuals are available for frequency estimations. Second, DNA profiles
collected from convicted offenders as well as DNA profiles recovered from
evidence material in unsolved cases are stored in national DNA databases.
Although both contain genetic information in the form of forensic DNA
profiles, the use of these two types of databases is completely different.

Population DNA databases

When the DNA obtained from an evidence material matches the profile from
a suspect, population databases are used to estimate the random match
probability. For all markers used in conventional STR analysis, allele
frequencies for different populations are stored in such databases ®. For a
DNA profile created by a combination of genotypes detected on autosomal
chromosomes, the size of the database is rarely a limiting factor due to
recombination. Autosomal loci on separate chromosomes segregate
independently during meiosis, which allows the genotype frequencies at
each locus in a profile to be multiplied. However, as the population
databases are comprised of allele frequencies, the sample sizes have to be
sufficient to allow reliable estimations of genotype frequencies. For each
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STR locus, 100-200 samples are commonly typed per population, which is
usually sufficient .

In the case of an mtDNA inclusion, the frequency of that specific mtDNA
type has to be estimated using mtDNA population databases. It has been
demonstrated that certain mtDNA haplogroups are more frequent in some
population groups, while nearly absent in others ' ™. Therefore, the
generation of mtDNA data from different populations is important for
obtaining good estimations. Since the size of an mtDNA database can be a
limiting factor, especially for rare mtDNA variants, it is essential to create
large databases. There are several mtDNA HVI/HVII databases as well as
databases of entire mtDNA genomes '“'*°. A first version of the
comprehensive database, EDNAP mtDNA Population Database (EMPOP),
was released in 2006 and will continuously grow and go through further
development and evaluation "'. As for mtDNA, the frequencies of Y-
chromosomal haplotypes are estimated using the counting method because
all markers are linked. A Y-chromosome Haplotype Reference Database
(YHRD), which mainly contains the minimal haplotype, is available for the
estimation of random match probability *.

Quality of population DNA databases

The quality of the population databases used for the calculation of random
match probabilities has been discussed thoroughly '**'**. High quality
databases are mnecessary to achieve accurate frequency estimations.
Phylogenetic analyses to compare closely related mtDNA sequences from
population databases have been performed and the result indicates that errors
do occur '*> *° Although rare, errors in mt DNA sequences can arise at
many different stages in the analysis process. Errors can be due to technical
or biochemical problems as well as misreading or contamination. If a
population database contains erroneous sequences, it might reduce the
estimate of the random match probability of the real DNA types .
However, if inaccuracy takes place in a forensic case investigation, the
impact on the estimate of how rare an mtDNA profile is, will in most cases
be small '**. To avoid some of the errors that occur, quality controls should
be performed on all generated data, with a final check for accuracy by
phylogenetic analysis '>> '*" ¥ Furthermore, highly automated assays will
reduce the errors introduced by the human factor.

National DNA databases

In addition to population databases utilised for frequency estimation, there
are also national DNA databases with DNA profiles of convicted offenders
as well as DNA profiles developed from crime scene evidence. Most of the
profiles stored in national DNA databases are based on STR markers
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analysed using commercial multiplex STR kits. In many cases, the markers
used are compatible between most countries. However, the legislation
surrounding the national DNA databases differs between nations. In addition
to conventional STR markers, mtDNA profiles have been introduced in
similar databases for mass disaster reconstruction as well as missing person
investigations *°. The first and largest national database of STR profiles is
the UK National DNA Database, which was formed in 1995 ' '°. This
database contains more than 3 million reference profiles '°'. These databases
of convicted offenders and crime scene evidence generate matches and help
solve several thousand cases each year. Moreover, international data
exchange can assist in solving more crimes by international database
searches through INTERPOL.

Although these databases have proved useful in many cases, there are
ethical issues regarding the balance between the genetic integrity of the
individual and the interest of the community **. An increase in the number of
DNA profiles stored in national DNA databases will most likely make the
identification of recurrent offenders easier. It has been demonstrated that
minor offenders might have a tendency to advance into committing more
serious crimes. Therefore, identification of minor offenders has the
possibility to prevent this progression > '®. An additional advantage of
comprehensive national DNA databases is the possibility to perform
immediate DNA identification of victims and missing persons following
disasters ** **. Whether DNA profiles from all individuals in the world,
including those convicted for any recordable offence or those only convicted
for severe violent crimes, should be stored in databases, is discussed and, as
mentioned above, legislation differs between countries.

Despite the benefit of national DNA databases in solving crimes, a fear of
misuse of such data exists. The complete human genome harbours much
information, including potential markers for diseases, which could be
utilised by employers and insurance companies. The markers used for DNA
profiling today are located in intronic sequence and do not identify variation
in protein coding genes. Therefore, to our present knowledge, a DNA profile
will not reveal any information about disease susceptibilities or behaviour.
However, as the DNA samples are stored in many countries subsequent to
DNA analysis, future technologies potentially can reveal such information if
investigating new regions of DNA. Another concern regarding DNA
databases is the fear of innocent individuals becoming suspects. On the other
hand, wrongly accused individuals will be removed as suspects following
DNA exclusion ** "’ For these reasons, legislation concerning secure
storage and proper use of the data and samples is highly important.
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Analysis of mtDNA in other fields than forensics

In addition to the application of mtDNA analysis in forensics, several other
disciplines study mtDNA variation. Some of these will be briefly discussed
below.

Mitochondrial DNA in disease

Investigation of mtDNA is performed in medical science to study pathogenic
mutations related to mitochondrial diseases, which affect the function of
mitochondria ® '*2. Although the main pathogenic factor is the deficiency in
oxidative phosphorylation resulting in insufficient ATP production, the
effects of mitochondrial diseases vary to a great extent.

Several mtDNA mutations have been associated to diseases with a variety
of symptoms such as movement disorders, muscle degeneration, blindness,
deafness and dementia *> '®. The degenerative symptoms most commonly
affect tissues that require a lot of energy such as muscle and the nervous
system. Examples of diseases associated to mutations in mtDNA include
Leber’s Hereditary Optic Neuropathy (LHON) leading to blindness,
Neurogenic muscular weakness, Ataxia and Retinis Pigmentosa (NARP)
resulting in progressive muscle weakness and Leigh’s syndrome that is
characterised as an often lethal progressive neurodegenerative disorder .

Heteroplasmy is commonly observed in diseases associated to mtDNA
mutations. The proportion of the mutant mtDNA type in the tissue often
determines the expression of a pathogenic mtDNA mutation, which is
referred to as the threshold effect >°.

In addition to the mutations observed in the mitochondrial genome, some
nuclear mutations have been identified as causing mitochondrial disease.
Because most of the proteins active in oxidative phosphorylation are
encoded by nDNA, additional mutations are likely to be found in the nuclear
genome 55, 164, 165‘

Mitochondrial DNA in ageing

During normal oxidative phosphorylation, reactive oxygen species (ROS)
are formed as a by-product. These are usually removed (by the enzyme
superoxide dismutase) in the mitochondria, thereby causing no damage.
However, toxic hydroxyl radicals can be produced that damage the DNA in
the mitochondria, which in turn could lead to decreased oxidative
phosphorylation and increased levels of ROS "¢,

Mitochondrial diseases that have a delayed onset and progression could
be explained by an accumulation of somatic mtDNA mutations with ageing,
which cause a decrease of mitochondrial function. Accordingly, it has been
demonstrated that mtDNA damage, point mutations as well as deletions, is
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associated with age '> "% '7° A recent mouse model, homozygous for a
mutated mtDNA polymerase lacking the exonuclease activity that is
essential for proofreading, revealed increased mutation levels as well as
several age-associated features. The observed phenotypes were weight loss,
curvature of the spine, osteoporosis, and hair loss among other
characteristics, all commonly seen in elderly individuals. The mutated mice
were also associated with reduced lifespan '"'. Furthermore, dietary
restriction in mice (40% less food) has illustrated that a lower metabolism
preserves the activity of oxidative phosphorylation and lengthens lifespan '

Other factors than mtDNA damage have been proposed to increase the
process of ageing, such as damage to the telomeres, which are long stretches
of repeat structures (TTAGGGQG) flanking the ends of each chromosome in
nuclear DNA. These structures are required for successful replication and,
during cell division, the telomeric DNA gets shorter, which can accelerate
ageing '”. However, there are probably many factors causing ageing and
more experiments will be needed to explain the complete mechanism.

Mitochondrial DNA in evolutionary studies

Analysis of mtDNA is commonly performed to investigate relationships
between populations for determination of ancestry. The non-recombining
property of mtDNA makes it a powerful tool for generating support of when
and where the human species (Homo sapiens) originated. It has been shown
by DNA analysis that the first modern humans evolved in Africa (mtDNA
haplogroup L) 100,000 to 200,000 years ago. Furthermore, Homo sapiens
have been estimated to spread from Africa, commonly described as the Out
of Africa model, approximately 50,000 years ago (+ 20,000 years) '*.

In addition, analysis of mitochondrial as well as nuclear DNA obtained
from the extinct species Neanderthal, dated to approximately 38,000 years
before present, provides valuable information concerning evolution and the
origin of modern humans '* '". The time since Neanderthals and humans
diverged is estimated to be about 500,000 years ago. It is also suggested that

Neanderthals did not contribute any mtDNA to present humans ',

Mitochondrial DNA in the analysis of ancient remains

Chemical damage to DNA starts immediately after death and is largely
dependant on the environment. Analysis of ancient DNA encounters several
difficulties that complicate the analysis, such as severe degradation, minute
amounts of DNA, the presence of inhibitors, contamination of other species
and modern human DNA as well as post-mortem damage. The mitochondrial
genome is commonly used in ancient DNA analysis due to the high copy
number and sensitivity of the assay. To ensure the authenticity of ancient
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DNA analysis, there are several requirements and special guidelines for
performing such analyses '+,

Despite all obstacles, several successful DNA analyses of ancient
materials have been performed, mainly using mtDNA. Examples of
relatively old materials are a Neanderthal bone of approximately 38,000
years old, a woolly mammoth (33,000 years old), the 5000 year old
mummified Tyrolean Ice Man, and a bone from the assumed evangelist Luke
(A.D. 150) 'O 103 104 178181 “Niore recent remains that have been analysed
involve the putative son of King Louis XVI and Marie-Antoinette (1795),
the legendary outlaw Jesse James (1882) and the Russian Tsar family,
Romanov (1918) * #2183,

Research in the field of ancient DNA constantly leads to the progress of
the sensitive analysis of severely degraded DNA. What will be possible in
the future, we can only imagine.
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Present investigation

Aim

The aim of the publications in this thesis was to develop and evaluate
technologies to be wused in forensic genetics, mainly focusing on
mitochondrial DNA. Some essential issues have been dealt with such as
DNA quantification, pre-screening of samples by a hybridisation assay,
mtDNA coding region analysis and mtDNA mixture resolution.

Paper 1

Nuclear and mitochondrial DNA quantification of various forensic materials

Background

Information about the amount of DNA recovered from an evidence material
could be highly valuable prior to DNA analysis. Quantification of nuclear
and mitochondrial DNA copies can reveal which analysis method is the best
alternative for a specific sample. The discrimination power will always be
the highest for an analysis of unlinked autosomal STR markers or multiple
SNP markers and, if the sample contains sufficient copies of nuclear DNA,
this would be the most favourable approach. Moreover, a successful analysis
should be performed so that a minimal amount of a valuable DNA sample is
consumed. All this can be achieved using a real-time DNA quantification
assay. In addition, real-time quantification can be utilised for increased
knowledge concerning the variation in DNA content among commonly
found evidence materials.

In this study, a previously developed real-time quantification assay '**
was used to evaluate the DNA content in different categories of commonly
analysed evidence materials. Nuclear DNA copy number was determined in
the root portions of plucked and shed head hairs as well as body hairs.
Furthermore, epithelial cells from accessories and fingerprints, visualised
using two different technologies, were evaluated for nDNA content. Also the
number of mitochondrial DNA copies was estimated in epithelial cells
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recovered from fingerprints, the root portions of plucked and shed head
hairs, as well as in the more distal parts of hairs.

Results and discussion

The result of the study revealed large variations in DNA content between
different categories of materials. The root part (first 10mm) of plucked head
hairs contained on average 3,500,000 mtDNA copies and 25,800 nDNA
copies. Quantification of the root part of shed head hairs revealed on average
45,700 mtDNA copies, while no nDNA copies were detected. Towards the
more distal parts of the hairs, a consistent decrease in DNA amounts was
observed. As expected, among head hairs the root part of plucked hairs
contained most DNA copies, probably as a consequence of the different
growth phases of the hairs '®. Three types of plucked body hairs were also
evaluated for nDNA content. Eyebrow and beard hairs contained more
nDNA copies on average compared to the first centimetre of plucked head
hairs; 38,100 and 78,000 respectively. Arm hairs contain somewhat less
DNA than the first centimetre of plucked head hairs, which on average
contained 13,700 nDNA copies.

DNA was also quantified from epithelial cells collected from six
categories of accessories and fingerprints visualised using magnetic powder
and black powder. Among the accessories, the smallest amounts of DNA
were observed in samples collected from rings and charms (approximately
100 nDNA molecules), whereas the highest amounts of DNA were detected
in samples from earrings (on average 144,400 nDNA copies). For
fingerprints, visualisation using black powder seems to result in higher DNA
amounts (on average 170 nDNA and 12,000 mtDNA copies), compared to
the magnetic black powder treated prints (on average 90 nDNA and 7300
mtDNA copies). Using this sensitive quantification assay, average DNA
contents were revealed in many different common forensic evidence
materials as valuable information for future DNA analysis.

Paper 11

Forensic Casework Analysis Using the HVI/HVII mtDNA Linear Array
Assay

Background

In cases where small amounts of DNA are found, the use of mtDNA is often
more successful than analysis of nuclear markers, due to the high copy
number per cell. Thus, analysis of mitochondrial DNA instead of nuclear
DNA is required in certain investigations, with the consequence of lower
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discrimination power. In a routine analysis of mtDNA, the two hypervariable
regions, HVI and HVII, are analysed, usually by Sanger sequencing of both
strands. This is a very time consuming, expensive and rigorous analysis. In
cases when numerous samples are to be analysed, a faster and less laborious
typing assay would be of great value, at least to be used as a pre-screening
tool.

The HVI/HVII mtDNA Linear Array Assay (Roche Applied Science) has
been investigated in this study. This assay is based on hybridisation of
biotinylated PCR products to a panel of immobilised sequence-specific
oligonucleotide (SSO) probes attached to a membrane. A retrospective study
of 90 samples previously sequenced for mtDNA was performed. Based on
these samples from 16 cases, the exclusion capacity of the linear array assay
was estimated. Of the 90 samples, 57 were evidence materials (mostly shed
hairs) and 33 were reference samples (mostly plucked hairs). Furthermore, a
comparison of different versions of the linear array assay was performed
between the older HVII linear arrays (17 SSO probes) and a more recent
array covering HVI and HVII variants (31 SSO probes).

Results and discussion

Using the older HVII linear array, 41 of the samples were excluded, while 50
samples were excluded based on the new HVI/HVII probe panel. When
sequence analysis of the D-loop was performed (by Sanger sequencing), 63
of the samples could be excluded. Thus, 27 of the samples were reported as
inclusions following sequencing, involving 15 evidence materials and 12
suspects in nine of the 16 cases. Consequently, 50 of the 63 samples that
were possible to exclude by sequencing (79%) could be excluded directly
using the latest version of the linear array assay. Furthermore, the number of
inconclusive results (a single nucleotide difference between samples) was
reduced from 17 samples using the HVII assay to 7 using the HVI/HVII
assay, while no samples yielded an inconclusive result in sequencing. In
conclusion, although the exclusion capacity of the HVI/HVII linear array
assay is somewhat lower than that obtained by sequence analysis, the assay
provides a rapid tool for pre-screening of samples prior to sequencing.
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Paper 111

Forensic mitochondrial coding region analysis for increased discrimination
using pyrosequencing technology

Background

The main disadvantage in analysing mtDNA is the low discrimination power
obtained. The properties of the mitochondrial genome, such as lack of
recombination in a uniparental inheritance pattern, result in that several
people share the same mtDNA variants. In routine analysis of mtDNA, the
hypervariable regions (HVI and HVII) are sequenced. Although, these two
regions cover less than 4% of the complete mitochondrial genome, a large
part of the variation among individuals is found within these two regions.
Nevertheless, sequence analysis of HVI/HVII occasionally results in
individuals sharing the same HVI/HVII type.

The coding region of the mitochondrial genome also harbours variable
sites that can be utilised for individual identification. Several assays have
been developed to study variation in the coding region of the mitochondrial
genome, based on technologies such as SNaPshot analysis, microarrays and
pyrosequencing "> 7% " 186185 I this study we investigated the increase in
discrimination power by sequencing of additional variable regions in the
mitochondrial coding region using a pyrosequencing-based assay.

Results and discussion

The assay includes 17 pyrosequencing reactions performed on 15 PCR
fragments that cover informative coding regions of mtDNA (Figure 11). The
average read length in the pyrosequencing analysis was 81 nucleotides,
ranging from 20 to 122. In forensic analysis, guidelines advocate detection
of at least two nucleotide differences to exclude that samples originates from
the same source '>’. Therefore a higher resolution for cases where only a
single difference is found would be beneficial. In order to evaluate the
resolution capability of the pyrosequencing coding system, 60 individuals
displaying zero or a single difference to the rCRS in the HVI/HVII regions
(0/1 individuals) were analysed. Another 75 individuals displaying at least
two differences to the rCRS (2/2+ individuals) were included in the study.

In total, 52 SNPs were discovered in the 17 reactions, of which 18 were
singletons. The 0/1 individuals also exhibit less variation in the coding
region compared to the 2/2+ individuals, with 21 and 43 variable sites
detected respectively, of which 12 were overlapping. For the 60 0/1
individuals, 48 (80%) could be resolved by additional SNPs when adding
coding region information.
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Figure 11. An overview of the mitochondrial genome indicating the fragments
analysed by pyrosequencing in the hypervariable regions (HVI/HVII) as well as the
coding part of the genome. The coding region assay consists of 15 PCR fragments
analysed in 17 pyrosequencing reactions.

A case from 1952 is also described to illustrate the potential to resolve an
evidence sample and suspect displaying a single nucleotide difference in
HVI/HVII mtDNA analysis. Two additional variable positions were
identified following mtDNA coding region analysis and a common source of
the two samples was excluded.

This study demonstrates that additional variation was found in the coding
region, which is useful as a complement to the routine analysis of the
hypervariable regions HVI and HVIIL. Due to the fact that in most cases
evidence materials are very limited, analysis of the reference samples can be
performed prior to the evidence, to search for informative sites. This will
save valuable evidence material DNA.

Paper IV

Evaluation of mitochondrial DNA coding region assays for increased
discrimination in forensic analysis

Background

In routine mtDNA analysis, the HVI and HVII regions located in the control
region are investigated. Due to the mode of inheritance and lack of
recombination, multiple individuals share the same mtDNA type. To achieve
higher resolution capacity among individuals, in recent years several assays
detecting mtDNA coding variation have been described. The ability to
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discriminate individuals with similar or identical HVI/HVII types using
several of these mtDNA coding region typing assays was evaluated in this
study.

495 Caucasian mtDNA sequences, obtained from a public database '*°,
were divided into haplogroups and examined for the variation present in
different regions (HVI/HVII, NonHV as well as the whole genome)
subsequent to pairwise comparison. The four haplogroups mainly
investigated were H (189 sequences), T (50), K (38) and U (31), which are
all common among Caucasians. These 308 sequences, divided into the four
haplogroups, were further analysed for the distribution of variation seen
among individuals within the same haplogroup.

Furthermore, the 495 sequences were used to analyse the resolution
capacity of eight previously published mtDNA coding region typing assays
7. 76. 187192 pajrwise comparisons were performed and the discrimination
capacities for the different assays were evaluated. In all analyses, sequences
from HVI (16024 - 16365) and HVII (73 - 340) were analysed together with
the positions covered by the different coding region assays. This was done in
order to mimic a routine analysis where the hypervariable regions are
investigated first. The variation detected in the coding region is used as a
complement to the HVI/HVII information. The different typing systems
were also evaluated by similar analyses using 20 Swedish individuals
sequenced for the complete mitochondrial genome.

Results and discussion

Large variations were observed in the comparison of pairwise differences
within and between the different mtDNA regions as well as between the
haplogroups. The NonHV region contained a larger number of nucleotide
differences compared to the smaller HVI/HVII region. The largest difference
observed between the haplogroups was seen in the routinely analysed
HVI/HVII region. Haplogroup H and K were found to be the most similar in
this region with the most frequent number of pairwise differences at only
two, compared to T and U peaking at seven. These results, regarding
nucleotide variation within different haplogroups, contribute to valuable
understanding about the expected similarity between individuals originating
from the same or different lineages.

The discrimination among the 495 mitochondrial genome sequences
included in this study was evaluated based on eight different mtDNA coding
region assays. The sequences were compared pairwise and the results
revealed a large variation in discrimination power between the assays. Using
the complete genome and the requirement of at lest two nucleotide
differences to be considered unique '** '*’, 256 out of the 495 sequences
could be excluded from all other sequences in this dataset. The assays were
examined for the number of mtDNA types they were able to resolve out of
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these 256 unique sequences. The HVI/HVII regions that are routinely
analysed could only resolve 19% of the sequences, indicating that additional
positions in the coding region could be very valuable in many cases. The
system that proved to be the most discriminating, resolving 46% of the
sequences, was the Andreasson 15seq assay, which utilises pyrosequencing
to analyse 15 variable regions spread out in the coding region (Paper III) '¥.
One reason for the high discrimination power of this test can be that the
other assays are based on SNP typing and not sequencing, and thereby miss
valuable low frequency SNP positions. The other assays could resolve

between 20 and 30% of the unique sequences in this dataset.

Paper V

Quantification of mtDNA mixtures in forensic evidence material using
pyrosequencing

Background

An mtDNA mixture can be observed due to contamination, heteroplasmy or
DNA from more than one individual in a sample. In forensic DNA typing,
determination of the minor and major contributor in mixtures is possible
using the conventional analysis of multiplexed STRs. However, in mtDNA
typing, which is commonly performed using Sanger sequencing, it is not
possible to accurately quantify the different mtDNA variants in a mixture.
Although mixtures can be detected by dideoxy sequencing, the nature of the
sequencing chemistry prevents a reliable resolution of mtDNA mixtures.
Therefore, in most cases the interpretation of a mixture will be inconclusive.
Alternative technologies that have previously been described to resolve
mtDNA mixtures have advantages and disadvantages. Some of these
methods are denaturing high-performance liquid chromatography,
fluorescently labelled restriction fragment analysis, cloning and quantitative
real-time PCR 7',

In this study, an alternative method was developed to accurately quantify
and resolve mtDNA mixtures. The method is based on pyrosequencing
technology, in which the linear relationship between incorporated
nucleotides and released light will allow accurate quantification. Seven
highly variable positions, three in the control region and four in the coding
region, were selected for mixture quantification. The PCR fragments used
have previously been described in a pyrosequencing analysis assay,
detecting variation in mtDNA control and coding regions °’. Mixture
standard series were prepared in 11 different ratios, for both the control
region and the coding region. The four individuals used to produce the
standards carried the following mtDNA variants: 73G, 146C, 195C and 73A,
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146T, 195T for the control region mixture and 3010A, 7028C, 12372G,
14766C and 3010G, 7028T, 12372A, 14766T for the coding region mixture.

Results and discussion

The mixture standard series were quantified in four replicate experiments
using the PSQ 96MA SNP Software version 2.02 (Biotage) and the
proportion of each nucleotide added during synthesis was calculated. The
measured mixture ratios were compared to the expected ratios, revealing
high consistency. Although the quantification result for one of the seven
positions (SNP 73) was not optimal, the final result could be improved after
correction to the standard curve using the linear regression equation. For six
out of seven SNPs, the previously designed PCR and pyrosequencing assays
resulted in accurate quantification, whereas one of the SNPs (SNP 7028)
required design of an internal pyrosequencing primer closer to the variable
position. Furthermore, the mixture quantification assay was tested on three
forensic evidence materials previously displaying mixtures in Sanger
sequencing analysis of HVI/HVII mtDNA. The materials investigated were
DNA collected from the lining of a wig, a bandage and a piece of duct tape.
In each of the three evidence materials a mixture was observed in only one
of the SNPs evaluated in this study, and the mixture ratios were determined
to be 46% 73G, 19% 146C and 14% 195C for the three materials
respectively. When forensic casework samples contain DNA from multiple
contributors, it is usually noticed subsequent to the initial sequencing
analysis. In the mixture quantification described in this study, the amplicons
previously generated for sequencing are utilised to reduce the consumption
of valuable DNA in addition to saving time. This mtDNA mixture
quantification assay accurately interprets major and minor components in
mixture samples and demonstrates an additional valuable application for the
pyrosequencing technology.
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Conclusions and future perspectives

Since the structure of the DNA molecule was determined in 1953, the
sequence and structure of the human genome has been extensively
investigated. During the past 20 years, the field of forensic genetics has
developed dramatically and today DNA analysis is routinely performed in
crime investigations. The DNA obtained from evidence material or from
human remains after a disaster is frequently in poor condition. Therefore, the
continuous development of novel methods as well as improvements of
already existing technologies is essential to forensic genetics. At present,
human identification is routinely performed using commercial kits based on
autosomal STR multiplexes. Additional markers, currently in use under
special circumstances, are autosomal SNPs as well as markers in the
mitochondrial DNA and on the Y-chromosome.

This thesis describes the general use of DNA in forensic analysis,
however the papers included focus on evaluation and modification of
technologies for improved mitochondrial DNA analysis. For genetic
profiling to be successful and informative, sufficient amounts of DNA have
to be analysed. In Paper I, the DNA content, mtDNA as well as nDNA,
obtained in commonly analysed evidence materials was estimated using a
previously described real-time PCR method. A major disadvantage of
mtDNA analysis is that sequencing is laborious and time consuming. Paper
II illustrates the use of a rapid pre-screening assay (HVI/HVII mtDNA
Linear Array Assay) that allows most of the samples to be excluded, and
thereby reduces the sequencing efforts. Another disadvantage using mtDNA
in forensic DNA analysis is the low discrimination power compared to
conventional nDNA analysis. The addition of fragments in the mtDNA
coding region, to be used as a complement to the information obtained in the
routinely analysed HVI/HVII regions, was evaluated in Paper III. In recent
years, this approach of analysing parts of the coding region has resulted in
several publications describing novel mtDNA coding region assays. In Paper
IV, eight of these assays have been evaluated for their increase in
discrimination power. Finally, Paper V describes a mixture quantification
assay using pyrosequencing technology to resolve mtDNA mixtures.

The future of forensic genetics will continue to take advantage of
technical developments in molecular biology. Most research so far, has
focused on improving the assays for individual identification. However,
genetic information can also be utilised for other purposes. The possibility to
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perform body fluid and tissue identification of DNA extracted from evidence
material could be very valuable in forensic analysis. Multiplex mRNA
profiling has been presented for detection of variable expression patterns in
different tissues of forensic importance '*°. Furthermore, determination of
geographic origin can be used as a forensic intelligence tool by reducing the
number of suspects in a forensic investigation. Genotypes obtained from
several loci, called ancestry informative markers (AIMs), can yield
population of origin to a certain probability '’. Finally, an exciting field for
future research in forensic DNA typing is the genetics of appearance. It
would be very valuable if prediction of phenotypic features could be used to
create a genetically based phantom picture to be used as an investigative
tool. For human phenotypes that have a strong genetic component, such as
pigmentation, facial structure and eye colour, associations can be made
between genotype and phenotype '****. However, most genes involved in
the determination of appearance are so far unidentified and the interpretation
will most likely be complicated due to involvement of multiple genes for
most characteristics **. Nevertheless, access to the genetic information
obtained subsequent to the Human Genome Project as well as future
technology development, suggests that this might be a possibility in the
future.

52



Popularvetenskaplig sammanfattning

Tank dig att ett grovt rdn just har begatts och rdnarna har ldmnat
brottsplatsen i en flyktbil. Vem eller vilka &r de skyldiga? En alltmer anvidnd
teknik som polisen tar till for att kunna spéra brottslingar 4&r DNA-analys.

DNA, var arvsmassa

Man brukar siga att en minniskas utseende och egenskaper styrs av arv och
miljo. Var arvsmassa, som dven kallas for DNA, kan ses som en lang kod
som bestar av fyra olika typer av byggstenar (A, T, G och C). En méngd
information finns lagrad i denna kod, bland annat i form av gener som med
hjilp av signaler i kroppen kan slas av eller pa vid olika tillfdllen. Nér en gen
blir aktiv produceras en viss typ av protein enligt koden i vart DNA, som
sedan utfor en viss funktion i kroppen. Tva exempel pa protein med olika
funktioner &r melanin som dr ett pigment som ger farg at hud och ogats iris,
och proteinet keratin som anvénds for att bygga upp hud, hér och naglar.

Det mesta av vart DNA finns inuti cellens kédrna, titt packat i
kromosomer. En méinniska har totalt 46 kromosomer, av vilka hélften har
arvts frdn vadr mamma och halften fran vér pappa. Det DNA som finns i
cellkdrnan bestdr av drygt 3 miljarder byggstenar som finns i dubbel
uppséttning. Totalt kodar dessa 3 miljarder byggstenar i ménniskans kérn-
DNA {6r mellan 20 000 och 25 000 olika gener (Figur 1, s. 17).

Strukturen av DNA-molekylen beskrevs forsta gdngen 1953 av James
Watson och Francis Crick, en upptickt som gjorde att de fick Nobelpriset i
medicin 1962. Mycket forskning har bedrivits kring uppbyggnaden och
funktionen av DNA och flera Nobelpris har delats ut inom detta omrade. En
av de storsta hédndelserna inom genetisk forskning var nir man
offentliggjorde koden for hela ménniskans arvsmassa. En nést intill komplett
version av vara drygt 3 miljarder byggstenar presenterades 2003, precis 50 ar
efter det att DNA-strukturen beskrevs. Det enorma arbetet att f& fram
maéanniskans DNA-kod pagick under flera ar och har kallats for HUGO-
projektet (Human Genome Organisation). Resultatet av HUGO-projektet har
medfort att all den information som finns lagrad i vart DNA nu é&r tillgénglig.
Trots att forskningen har gétt fort framat inom genetiken den senaste tiden,
kan vi idag &nnu inte forklara funktionen av all den information som finns
lagrad i arvsmassan. Men i takt med allt snabbare teknikutveckling och 6kad
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kunskap kommer manga fragor om hur vi fungerar att kunna fa ett svar i
framtiden.

Det finns ménga skillnader i ordningsfoljden av byggstenarna i DNA
mellan olika individer. Man brukar siga att tva obesldktade personer i
genomsnitt skiljer sig at i 100 000 byggstenar. Det finns flera olika typer av
variationer i arvsmassan, dér tva vanligt forekommande skillnader & SNPs
(Single Nucleotide Polymorphisms) samt STRs (Short Tandem Repeats).
SNP-variationer dr utbyte av enstaka byggstenar i DNA, som t.ex. nir
sekvensen AAGCTGCTAGT jamfors med AAACTGCTAGT. STRs ér
dédremot ldngdvariationer i DNA, som bygger pa skillnader i antalet
upprepningar av en viss byggstenssekvens, som t.ex. DNA-sekvensen
AGCTCATCATCAAAG som har 3 upprepningar av byggstenarna TCA,
som kan jimforas med AGCTCATCATCATCATCAAAG som har 5
upprepningar av TCA.

Variationer i DNA-koden mellan individer kan tillsammans med andra
faktorer forklara olikheterna mellan alla oss ménniskor. Vissa positioner i
vér arvsmassa dr extra kénsliga for skillnader, vilket i vérsta fall kan leda till
sjukdom. Véar arvsmassa innehéller till storsta delen DNA som inte kodar for
nagra gener (cirka 95 %) och det &r ocksa i dessa delar av arvsmassan som
man hittar de flesta variationerna.

Rattsgenetik

Efter ett brott har begatts granskar kriminaltekniker noga brottsplatsen och
letar efter spar som ranarna lamnat efter sig. Det dr nist intill omojligt att
inte ldmna ndgot DNA-spar efter sig alls, med tanke pa att vi stindigt tappar
har och hudceller mm. Brottslingarna blir dock mer och mer forsiktiga,
eftersom de vet att DNA-analyser utfors, men trots det hittar man ofta DNA-
spér pa en brottsplats.

Det var forst under mitten av 1980-talet som man borjade analysera
skillnaderna i DNA mellan olika ménniskor for att 16sa brott. Tekniken man
anvinde sig av da kallades for "DNA Fingerprinting” och byggde pa att
varje individ fick ett unikt monster nir man klippte sonder DNA:t i korta
fragment, som kan liknas vid ett personligt DNA-fingeravtryck. Forskningen
har gatt framit och dagens tekniker som anvédnds i rutin &r betydligt
kénsligare, vilket gor att det endast behovs sma miangder DNA f{or att fa
fram ett palitligt resultat med ett hogt bevisviarde. Dagens rutinanalys for att
ta fram en DNA-profil bygger pa att man analyserar mellan 10 och 16 olika
STR-markorer, som ligger utspridda pé olika kromosomer i kdrn-DNA. For
att en sddan typ av DNA-analys ska lyckas krévs det cirka 100 celler.

Lyckas man f& fram en DNA-profil frdn ett bevismaterial, t.ex. en
ranarluva som patréffats i en flyktbil, jimfér man denna DNA-profil med
DNA fran olika missténkta personer, for att ta reda pad vem som kan vara den
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skyldige till brottet. Far man en match, dir DNA-profilen dverensstimmer
med en av de missténkta, tar man fram ett virde pé hur starkt detta bevis ér.
Bevisviérdet efter en rutinanalys dr ofta véldigt hogt och risken for att en
match sker av slump brukar hamna mellan 1 av 1000 000 000 och 1 av
100 000 000 000 personer.

DNA bryts ner med tiden, vilket kan gé olika fort beroende pa vilken
miljo som DNA:t befinner sig i. Chansen att hitta tillrickligt med DNA for
en lyckad rutinanalys kan minska ganska snabbt t.ex. for ett bevismaterial
som dr slangt i en sjo eller som utsétts for hdga temperaturer. I vissa fall
racker mdngden kérn-DNA inte till for att fi fram en fullstdndig DNA-profil.
Forutom det DNA som finns i cellens kérna har vi ocksa en annan typ av
DNA som finns inuti cellens mitokondrier (mtDNA), som kan vara vardefull
i dessa fall.

Mitokondrie-DNA

Mitokondrien &r den enhet i cellen som producerar energi (ATP) sé att alla
funktioner i kroppen kan ske. Sjédlva energiproduktionen, som ocksa brukar
kallas for oxidativ fosforylering, &r beroende av gener som kodas av
mitokondrie-DNA men &ven av kdrn-DNA. Det DNA som finns inuti
mitokondrien (mtDNA) ar cirkulért och mycket mindre &n DNA:t som finns
i cellkidrnan, 16 596 byggstenar jamfort med drygt 3 miljarder i kdm-DNA
(Figur 2, s. 23). En annan stor skillnad jamfort med det DNA som vi har i
kérnan dr antalet kopior; i en cell har vi mellan 500 och 2 000 kopior av
mtDNA som é&r fordelat pa flera olika mitokondrier, i jamforelse med karn-
DNA som finns i tvé kopior i kéirnan i varje cell. Den fullstindiga koden av
mitokondriens arvsmassa beskrevs forsta gangen 1981.

Till skillnad frén kdrn-DNA som drvs av bade mamma och pappa har man
kunnat visa att mtDNA bara &rvs frdn mamman via &dggcellen vid
befruktningen. Detta betyder att manga individer delar exakt samma typ av
mtDNA. Vi har alla samma mtDNA-variant som var mamma, Var mormor,
var mormors mor o0.s.v. forutom de spontana fordandringar som ibland kan
uppstd 1 en minniskas DNA under livet. Ytterligare en skillnad mot kirn-
DNA ér forekomsten av heteroplasmi. Detta &r nér tva olika varianter av
byggstenar kan finnas i olika proportioner, t.ex. 30 % C och 70 % T i samma
position i mtDNA. Aven mtDNA kodar for gener, totalt 37 st. varav 13
kodar for proteiner. Férutom den kodande regionen bestdr mtDNA dven av
en mindre icke-kodande region som bestér av drygt 1 000 byggstenar. Det &r
i denna region som man hittar de flesta skillnaderna i mtDNA mellan olika
personer.

Det DNA som finns inuti mitokondrierna kan vara mycket vérdefullt i
brottsutredningar dir man hittar vildigt sma miangder av DNA. Detta beror
frimst pa det stora antalet kopior av mtDNA (ca 1 000) som man hittar i
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varje cell jamfort med kiarn-DNA (2 kopior), vilket gor att man har cirka 500
ganger mer DNA att utgé frd&n om man analyserar mtDNA. Vid en mtDNA-
analys tittar man framst pa tva regioner som finns i mitokondriens icke-
kodande del som kallas Hypervariabel region I och II (HVI och HVII).
Ordningsfoljden av de 610 byggstenarna som finns i HVI och HVII bestédms
vanligtvis och de skillnader man tittar pa & SNP-varianter. For att utesluta
att ett bevismaterial kan komma fran en missténkt person krivs det att man
hittar minst tva SNP-skillnader i HVI och HVII. Detta beror pa fenomenet
att spontana fordndringar kan uppstd i DNA under livet i olika vivnader
vilket kan gora att tvd olika DNA-prov med en SNP-skillnad dnda kan
komma fran en och samma person. Bevisvirdet av en mtDNA-analys blir
ofta ldgre 4n vid en analys av kidrn-DNA, eftersom flera individer kan dela
identiskt mtDNA. Men i de fall dédr médngden kérn-DNA inte récker till for
en palitlig analys kan mtDNA &nda vara av stort vérde.

I Sverige utfors rutinanalys av kdrn-DNA pa Statens Kriminaltekniska
Laboratorium (SKL) i Linkdping, medan analys av mtDNA fran
bevismaterial gors i Uppsala i Marie Allens grupp, pa Rudbecklaboratoriet.

Avhandlingen

Syftet med denna avhandling har varit att utvirdera och modifiera olika
tekniker som kan vara vérdefulla vid réttsgenetiska analyser. Framst har
analyser av mitokondrie-DNA utvecklats. Titeln pad avhandlingen kan
oversittas till "Mitokondrie-DNA i kénsliga réttsgenetiska analyser” och den
ar baserad pé fem olika artiklar.

Artikel I

I den forsta artikeln har vi analyserat méngden kérn- och mtDNA i olika
vanligt forekommande bevismaterial. Information om méngden DNA i ett
material &r mycket virdefull och kan ge védgledning om vilken typ av DNA-
analys som &r bést ldmpad. Tappade harstran dr ett av de vanligaste
bevismaterialen som man hittar pad en brottsplats, varfor vetskapen om
méngden DNA 1 denna typ av material &r extra intressant. Antalet kopior av
mtDNA har analyserats utmed hela lingden av savil tappade som ryckta
huvudhér och dven méngden kdrn-DNA har mitts i rot-delen. Méngden
DNA analyserades ockséd i ndgra olika typer av kroppshar samt i material
frén fingeravtryck och smycken.

Resultatet visade stora variationer i DNA-méngd mellan de olika
bevismaterialen. Den typ av hér som inneholl minst DNA var som forvéntat
tappade huvudhar. Detta beror troligtvis pa att dessa hér gar in i en fas dér
cellerna dor och DNA:t borjar brytas ner innan héret tappas. De ryckta
huvudharen inneholl i genomsnitt 77 ganger mer mtDNA (3 500 000 kopior)
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jamfort med tappade har (45 700 kopior) i den forsta cm av rot-delen. De
ryckta hérrotterna inneholl dessutom 25 800 kopior av kdrn-DNA, medan de
tappade harrotterna inte inneholl ndgra kdrn-DNA kopior alls. Vi kunde dven
se att mdngden mtDNA minskade ju lidngre ut pd harstrdt man métte.
Maingden kérn-DNA i de analyserade kroppshéren var i genomsnitt 13 700
kopior i armhar, 38 100 kopior i gonbryn och 78 000 kopior i skdggstran.

Man kan ofta hitta DNA pé smycken, eftersom man vanligtvis bér dem
titt inpd huden. Vi analyserade det kdrn-DNA som kunde aterfinnas pé
ringar, armbandsklockor, halsband/armband, glasdgon, berlocker och
orhiangen. Bland de olika smyckena visade det sig att ringar och berlocker
innehéller minst méngd DNA, cirka 100 kdrn-DNA kopior, och 6rhingen
mest DNA, i genomsnitt 144 400 kédrn-DNA kopior.

Ett fingeravtryck é&r i sig individuellt for varje person och kan anvéndas
som bevis for att identifiera vem som har varit pa t.ex. en brottsplats. For att
ett fingeravtryck ska godkinnas som bevismaterial krdvs det dock att 12
unika punkter finns bevarade, vilket gor att fingeravtryck som ar partiella
eller utsmetade inte kan anvindas. D4 finns alternativet att anvinda det DNA
som lamnas i ett fingeravtryck som bevis istéllet. For att synliggora ett
fingeravtryck behandlas det vanligtvis med hjidlp av olika kemikalier eller
pulver. Vi analyserade méngden kidrn- och mtDNA som kunde utvinnas fran
fingeravtryck  behandlade = med  magnetpulver och  jarnpulver.
Jarnpulverbehandlade fingeravtryck inneholl ungefir dubbelt s& mycket
DNA (170 respektive 12000 kopior av kidrmn- och mtDNA) som
magnetpulverbehandlade fingeravtryck (90 respektive 7 300 kopior av kérn-
och mtDNA).

Artikel 11

Analys av mitokondrie-DNA ér vildigt tidskrdvande och dyrt. I den andra
artikeln utvirderades en teknik diar man med ett for-test eventuellt skulle
kunna reducera andelen material som kriaver en fullstindig mtDNA-analys.
Under den fullstdndiga analysen bestdims ordningsf6ljden av 610 byggstenar
1 HVI och HVII med hjélp av sekvensering, medan tva olika varianter av for-
testet som utvirderades i denna studie baseras pd analys av enstaka SNP-
positioner, 9 SNPs i HVII eller 18 SNPs i HVI och HVIIL. Totalt
analyserades 90 olika DNA-prov (57 fran bevismaterial och 33 frén
misstidnkta) fran 16 olika fall. Alla dessa material var tidigare analyserade
och nu utvirderades om detta for-test kunde utesluta nagra material utan att
den fullstdndiga, mycket tidskrdvande analysen kravdes.

Av de 90 DNA-proven kunde totalt 63 st. uteslutas med hjélp av den
fullstdndiga sekvensanalysen av mtDNA. De tva olika varianterna av for-
testet kunde utesluta 41 (9 SNPs) respektive 50 (18 SNPs) av de 90 proven.
Detta betyder att 79 % (50 av 63 mdgjliga prov) kunde uteslutas med for-
testet som analyserar 18 SNPs i HVI och HVII. Testets kénslighet
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utvirderades ockséd och det visade sig att 100 kopior av mtDNA, vilket
motsvarar mindre dn en cell, gav ett palitligt resultat som var enkelt att
utldsa. Resultatet visar att ett for-test som detta kan vara mycket virdefullt,
speciellt i de situationer di DNA frén flera material kriaver analys samtidigt,
som t.ex. efter en masskatastrof.

Artikel III

Den storsta nackdelen med en analys av mtDNA ir att risken for att fa en
match av slump mellan misstidnkt och bevismaterial dr hogre jaimfort med en
rutinanalys av kdrn-DNA. Detta beror péd att det finns flera individer som
delar samma mtDNA-variant. Vanligtvis analyseras 610 byggstenar i HVI
och HVII, vilket motsvarar mindre dn 4 % av hela mitokondriens DNA.
Aven i positioner utanfor dessa tva regioner, i den kodande regionen av
mtDNA, finns det skillnader mellan individer. I den tredje artikeln har vi
utvirderat mojligheten till ett okat bevisvirde med hjidlp av 15 variabla
regioner i kodande mtDNA. Dessa 15 nya regioner i kodande mtDNA
analyserades med hjélp av en relativt ny teknik som heter pyrosekvensering.

Den vanligaste mtDNA-varianten bland svenska personer i HVI och HVII
forekommer hos cirka 7 % och kallas ofta for rCRS (revised Cambridge
Reference Sequence). Till denna studie valdes 60 individer ut som inte gick
att utesluta fran sekvensen som ir identisk med rCRS. Aven ytterligare 75
individer som redan skiljde sig & i minst tvd byggstenar fran rCRS
analyserades i kodande mtDNA. Totalt hittades 52 nya SNP-skillnader hos
personerna i de 15 kodande mtDNA-regionerna. Bland de 60 individerna
som inte gick att sirskilja frdn varandra med analys av HVI och HVII kunde
80 % (48 individer) uteslutas frdn de dvriga efter den extra informationen
som kodande mtDNA gav.

I en éldre brottutredning, dér man inte kunnat utesluta att ett bevismaterial
kan komma frén en missténkt med hjilp av HVI och HVII, analyserades den
kodande delen av mtDNA. Detta var ett fall fran 1952 angdende Biskop Dick
Helanders eventuella delaktighet i propagandabreven som skickades ut till
alla rostberéttigade préster innan Biskopsvalet i Strangnds. Analysen av HVI
och HVII hade tidigare resulterat i en enda SNP-skillnad mellan DNA
utvunnet frén brevflikarna pa propagandabreven och referensprov fran Dick
Helander, vilket inte ar tillrickligt for en uteslutning. Med hjélp av kodande
mtDNA-analys kunde dock tva ytterligare SNP-skillnader identifieras, som
styrker att det inte var Dick Helander som forseglade kuverten. Resultaten av
denna studie visar att analys av kodande mtDNA kan vara vardefullt i fall
dér man inte kan sérskilja DNA fran olika material med analys av HVI och
HVIL
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Artikel IV

Aven i den fjirde artikeln utvirderades den kodande delen av mtDNA som
normalt inte analyseras i rutinverksamhet inom rattsgenetik. Hela mtDNA-
sekvensen fran 495 individer har anvints i denna studie for att analysera
antalet SNP-skillnader i olika regioner. Ett stort antal skillnader mellan olika
personer hittades utanfér HVI och HVII, vilket betyder att den kodande
regionen kan vara mycket informativ i vissa fall.

Flera olika system som bygger pa analys av variation i den kodande delen
av mtDNA har beskrivits under de senaste &ren och vi har utvirderat
diskrimineringskapaciteten hos atta av dessa system. Sekvensen fran HVI
och HVII anvindes tillsammans med de positioner som &r specifika for varje
system, eftersom kodande mtDNA oftast kommer att anvdndas som ett
komplement till de bdda HV-regionerna. Antalet individer som var mojliga
att urskilja fran varandra med hjilp av hela mtDNA-sekvensen (alla 16 569
byggstenarna) var 256 av de 495 individerna. Av dessa lyckades sju av
systemen urskilja mellan 20 och 30 % av individerna. Analys av enbart HVI
och HVII kunde urskilja 19 % av de mojliga 256 personerna. Det system
som beskrivs i den tredje artikeln i denna avhandling (pyrosekvensering av
15 kodande mtDNA-regioner) visade sig vara allra bast pa att sdrskilja
individerna frdn varandra och hade en uteslutningskapacitet pa 46 %.

Artikel V

D4 man hittar en blandning av  DNA frdn mer &n en individ i ett
bevismaterial kan resultatet ofta inte utviarderas nir man analyserar mtDNA.
En blandning kan bero pa flera olika orsaker; materialet kan ha blivit utsatt
for sd kallad DNA-smitta (kontamination) redan pa brottsplatsen eller pé
laboratoriet, materialet kan ha anvénts av mer &r en brottsling vid sjdlva
brottet men dven heteroplasmi kan vara en anledning till att man upptécker
mer dr en mtDNA-profil i ett material. Vi har i den femte artikeln anvént
pyrosekvensering for att analysera andelen av olika byggstenar i totalt sju
olika SNP-positioner; tre positioner i icke-kodande mtDNA (73, 146 och
195) och fyra positioner i kodande mtDNA (3010, 7028, 12372 och 14766).

DNA fran tva individer med olika SNP-varianter i de sju positionerna
blandades i proportioner fran 0 till 100 % av respektive variant. Métningen
av SNP-varianterna gjordes med hjélp av pyrosekvensering och visade sig
Overensstimma vél med de forvintade proportionerna. Forst krdvdes dock
optimering av tvd SNP-positioner for att ge tillforlitliga resultat.

Aven fallmaterial som vid tidigare analys av HVI och HVII visat
blandningar, analyserades med hjélp av detta nya DNA-test. De analyserade
bevismaterialen var DNA utvunnet frén en peruk, ett bandage samt en bit
isoleringstape. Efter analysen av de blandade SNP-positionerna blev
resultatet 46 % G i position 73 i DNA frén peruken, 19 % C i position 146 i
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DNA fran bandaget samt 14 % C i position 195 i DNA frén isoleringstapen.
Denna studie visar pa ytterligare ett vérdefullt anvindningsomrade av
pyrosekvenserings-tekniken.

Framtidens forskning inom réttsgenetik

Mycket av framtidens forskning inom rattsgenetik kommer att handla om
utvecklingen av metoder for att fi fram resultatet av en DNA-analys
snabbare én idag. En analys av mtDNA tar idag mellan tre och fem veckor,
mycket beroende pé alla rutiner och sidkerhetsatgirder som krivs for en
palitlig analys. I Sverige har man omhéktningsforhandlingar efter 14 dagar,
vilket betyder att det skulle vara vildigt véardefullt att fa fram en DNA-profil
inom tvd veckor i framtiden. Det &r dven viktigt att utveckla nya tekniker
inom rattsgenetik for att f4 DNA-analyserna kénsligare dn idag, vilket kan
gora att dnnu mindre DNA-méngder krivs for att fi fram en anvédndbar
DNA-profil i en brottsutredning. Redan idag har studier visat att det &r
mdjligt att analysera vildigt gammalt och nedbrutet DNA frén t.ex. utddda
arter som mammut och neandertalare (6ver 30 000 &r gamla material).

En annan spdnnande mojlighet i framtida brottsutredningar &r ett nytt
omrade som bendmns utseendegenetik. Med hjilp av all den information
som man har fétt tillgang till efter HUGO-projektet, kan man i framtiden
identifiera de gener som styr drag i vart utseende. Tank att man med hjélp av
DNA frén en brottsplats kan skapa en fantombild av den férdvare man soker;
t.ex. en ljushyad kvinna som é&r cirka 1,60 m lang, har brunt lockigt hér och
bléda 6gon. De flesta av vara drag bestdms dock av flera olika gener, vilket
gor att det kan bli svart att forutse utseende. Trots att vir arvsmassa styrs av
mycket komplicerade mekanismer, kommer framtidens forskning troligtvis
medfora att man kan f& fram information vi bara kan fantisera om idag.
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Fredrik, Ludmila, Hongxing, Lena M, Ed, Ola, Mehdi, Anders A, Caisa,
Mimmi, Hillevi, Anna, Joakim och alla andra framst pé plan 2 dir jag sjélv
har tillbringat mest tid. Tack for alla glada skratt och trevliga Hej and Hello i
korridoren, och tack for alla roliga Rudbeckfester och bouleturneringar som
vi har haft under alla ar! Tack ocksé till alla er i innebandyginget som
under ménga fredagar har varit med och kidmpat i tuffa fighter. Jag vill &ven
tacka alla medlemmar i foreningen FKIBF pa Rudbeck (Framstaende
Kvinnor Inom Biomedicinsk Forskning) for trevliga pearl partyn, middagar
och vinprovning. Snart blir det vél pokerturnering?
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Alla ni pa Decipher Genetics, for att jag har fatt mojlighet att arbeta med
DNA-analyser i flera olika brottsutredningar fran verkligheten, vilket har
gjort att forskningen kénts s mycket mer betydelsefull och intressant.

Poliserna, sirskilt Hans Lundberg, Pelle Polis Gunnarsson, Royne
Nilsson och Magnus Andersson, for entusiasm och gott samarbete.
Allan Asp, for trevligt samarbete och huvudbry runt flera spédnnande projekt.
Bruce Budowle pa FBI, som har inspirerat mig med all sin kunskap inom
rittsgenetik. Det var en éra att 4 visa dig Uppsala i min lilla Peugeot.

Vadstena Klosterkyrka, Historiska Museet, Livrustkammaren,
Riksarkivet, Osteoarkeologiska Forskningslaboratoriet i Stockholm
m.fl. som har gett mig mdjlighet att arbeta med material fran bl.a. kungar,
helgon och vikingar. Pl6tsligt blev historia roligt och spannande igen!

Stiftelsen Markussens studiefond, for visad uppskattning av min forskning.
Det var vildigt hedrande att fa ta emot “Smaélands Nobelpris” 2005 péd
Teleborgs slott i Véxjo!

Uppsala-vinnerna;

Stina, tack for allt! Téank att vi trdffades hir 1 Uppsala for 6ver 10 &r sedan.
Tiden sen dess har gatt fort, men vi har &nda hunnit med en ryslig massa! Va
kul vi har haft pd alla véra resor till Italien, Marocko, London och Wien
(glassen i Italien &r den bésta som finns)! Tack ocksa for alla sma vardagliga
saker vi har hittat pa som storhandling, matlagning och tekniska klurigheter.
Rabih, ge inte upp nér det giller plumpen. Om du fortséitter kdmpa kanske
du kan sl&d mig en dag... Ni har ju i alla fall den stérsta TV:n nu, med 6ppen
spis och andra finesser! Eva och Daniel, smalinningar som jag triffat
utanfor de djupa skogarna; klart att det blev en succé! Det var roligt att ha er
som grannar med pasta- och polkagristillverkning och manga andra upptag.
Tack ocksé alla andra vanner som hingt kvar fran studietiden pd SLU i
Ultuna och pé Uppsala Universitet; Frida, middagarna med obligatoriskt
struntprat och matlada var alltid trevliga, liksom tiden pa kolonilotten, sé
lange det varade... Emma, tink att vi nddde Kebnekaises topp ihop, vilken
grej! Minst lika kul var det att &ka pa rumpan hela végen ner. Martin, m.fl.

Tack till alla er som jag delat lya med under alla &r hér i Uppsala; Martina
och Martin; vilket litet Ljungby-kollektiv vi tre blev pa Bandstolsvédgen 19;
Svensson, Karlsson och Nilsson. Det var roligt att f& uppleva den forsta
flytten hemifran med just er! Sen avldstes ni av Ola, Eva, Vingakerstjejerna
Linda och Maria som delade det stora intresset for pojkband och Yatta,
samt Sara som é&r bést pa att gora Irish Coffee, inte illa att ha varit sambo
med s& ménga trevliga manniskor!
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Ljungby-tjejerna och Ljungby-grabbarna:

Emma, min vin néstan sedan fodseln, du foddes tva dagar innan jag hann
komma till virlden! Tink att vi lurat semesterfirare pd Oland att vi dr
tvillingar, och dorrvakter att vi t.o.m. dr samma person innan vi sprungit in
pa discon! Trots att vi gjort samma saker jamt, blev det sa olika utbildning
till slut. Martina, min vén och namne som jag triffade i skolbdnken pa
gymnasiet. Vi tog klivet mot Uppsala tillsammans, en kul tid som jag aldrig
kommer att glomma. Inte heller Kina (med bensinbussen) eller Bulgis (med
Tarzan-badbrallan) kan nagonsin etsas ur mitt minne! Anna-Karin, tack for
delat engagemang for "Palermo”, Hanna, vilka hejare vi var pé att ordna
fisketdvlingar, Petra, dventyret med dig i New York var en hit, Jenny och
Gitte. Det ar roligt nir vi ses pd véra tjejtriffar, allt &r precis som forr nér
man tréffar sméldnningarna igen! Alla ”Grabbarna Grus” i Ljungby, det &r
alltid s& kul att ses! Volleyboll- och grillkvéllarna pa Tuna-beach, festerna
och glasskalasen hade inte varit detsamma utan er alla! Lina, jag ar s& glad
att vi triffades bland allt ogrds 1996, och sen har fortsatt ses av bara farten!

Kusinerna Mella och Magnus med familjer, det ar s roligt att tréffa er alla
nir jag kommer hem”. Ni kdnns som mina syskon!

Mamma och Pappa, tack for all omtanke, uppmuntran och allt stoéd! Jag tror
faktiskt att ni forstar, vad det d4r min forskning pd Rudbeck har handlat om
och det dr grymt imponerande! Det &r roligt att ni alltid varit sé intresserade.
TACK f{0r att ni finns och KRAM pa er!

Mouking dilsson,

Martina Nilsson, Uppsala, January 2007
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