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Introduction

The use of DNA analysis as a tool in criminal investigations and court trials 
was first applied in the mid 1980s. DNA typing methods opened new possi-
bilities to identify and link a suspect to a crime or, in most cases, a crime 
scene. However, perhaps the most important application is the possibility to 
spare human suffering and wasted efforts by exoneration of wrongly con-
victed individuals and exclusion of suspects early in the investigation proc-
ess. DNA analysis is also widely used for human identification after various 
kinds of tragic events such as mass disasters, terrorist attacks and mass war 
graves. Yet another field of application is paternity testing and testing for 
relatedness on the maternal or the paternal lineage using autosomal, mito-
chondrial or Y-chromosomal DNA markers. In many ways, DNA typing 
methods have opened new possibilities to solve crimes that might have oth-
erwise been left unsolved. Advances in molecular genetics can also be of 
benefit to other disciplines in the forensic field such as forensic medicine. 
Analyses can aid the forensic pathologist to differentiate homicides or sui-
cides from deaths from natural causes. Investigations of sudden deaths with 
no previous history of illness or pathological signs at the autopsy can be 
assisted by determination of previously undiagnosed genetic disease. 

Analysis of challenging DNA samples 
Global political instability and natural catastrophes, as seen in the terrorist 
attack at World Trade Center in 2001 and the recent tsunami disaster in In-
donesia in 2004, demand the identification of thousands of victims [1]. 
Dental records, fingerprints, body marks such as tattoos and personal be-
longings are commonly used as identification tools. In severe disasters, these 
methods may be insufficient, leaving DNA analysis as the best candidate for 
the identification of degraded or fragmented remains. Mass disasters create a 
huge backlog of DNA samples that may take months or years to complete.  
Since terrorist attacks and natural catastrophes represent extreme events with 
high numbers of casualties, there is a requirement for rapid, high throughput 
identification methods optimised for difficult, degraded samples [2]. This 
will also provide an overall benefit for speeding up the turnaround process of 
criminal investigations, as crime scene samples and samples collected from 
mass catastrophes commonly share many characteristics. Firstly, as a result 
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of environmental exposure to oxygen, UV light and high temperatures, they 
are often comprised of highly degraded DNA [2, 3]. Degradation of DNA is 
markedly increased at 30 °C compared to storage at 0°C. Secondly, they are 
often found in small amounts. Shed hairs or cell debris on items or victims 
are often found at crime scenes and, depending on the nature of mass disas-
ter, bodies may be heavily burned or mutilated leaving only bone or teeth as 
a source of DNA. However, if human remains are heavily fragmented and 
current conditions have made soft tissues mouldy or hard tissues calcified, 
routine DNA analysis may not be feasible [4].  

The success of a DNA analysis is dependent on the amount and type of 
tissue available, as well as the duration of storage and storage conditions 
before the analysis is undertaken. Different tissue types also have different 
abilities to withstand environmental conditions. Soft tissues found in moist 
soil in hot climates are rapidly degraded compared to bone material. Human 
remains that are stored in acidic preservatives, or that are found in acidic 
environments, are also prone to rapid degradation [2]. Besides the condition 
of the samples investigated, the analyst is also faced with complicating fac-
tors such as PCR inhibitors. Inhibitors may be chemical agents rich in metal 
ions or intrinsic components of the tissue itself such as collagen in skin and 
calcium in bones [5-8]. If the material recovered from human remains or 
collected as forensic evidence is in sufficient amounts and of good quality, 
STR (short tandem repeats) profiling can be carried out. Alternatively, with 
reduced amplicon sizes, STR markers can provide a highly discriminating 
tool for degraded and limited samples. Therefore, highly degraded samples 
may also be considered for autosomal SNP analysis since the amplification 
products can be made even shorter. As a final attempt for materials of poor 
quality, the analyst is left with the less discriminating mtDNA analysis.  

Autosomal genetic markers 
The First biological markers used in forensic analysis were ABO blood 
groups. These protein markers were first applied in disputed paternity cases 
and later on for the exclusion of a suspect’s involvement in a criminal inves-
tigation [9]. However, blood group analysis could not  provide sufficient 
discrimination between individuals and the analysis of samples found at 
crime scenes were limited to blood. The increased interest in the human ge-
netic composition, starting with the discovery of the DNA structure in the 
1950s [10], led to the development of DNA typing methods in the 1980s and 
revealed several DNA markers that were useful for individual identification 
[11]. DNA markers were more resistant to environmental degrading factors 
and had the possibility to create a unique profile of an individual’s DNA. 
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VNTRs
One of the first genetic markers used for DNA analysis in forensics was 
VNTRs (Variable Numbers of Tandem Repeats) or minisatellites. These 
markers are located in non-coding regions and are extremely variable. A 
typical VNTR consists of 500-10,000 base pair (bp) regions of repeated 
units, commonly around 10-30 bp in length [11, 12]. VNTR loci have a large 
number of alleles (typically one hundred or more) and a high mutation rate 
creating rare alleles. VNTRs are analysed using restriction enzyme cleavage 
and the resulting fragments are thereafter analysed using Southern Blot. This 
method requires a large amount of non-degraded DNA (50-100ng) and is 
therefore less suitable for samples containing small amounts of DNA. An 
analysis usually involves 4-5 VNTR loci and generates a power of discrimi-
nation of about 10-10 [13].  

STRs
The introduction of PCR-based analysis made it possible to reduce the turn-
around time of forensic analyses and enabled samples with smaller amounts 
of DNA to be investigated. The forensic community then turned to STR 
markers (Short Tandem Repeats), or microsatellites, as they were more 
suited to PCR-based technologies. STRs are repeated units of 2-6 base pairs 
and the amplified fragments are between 100-500 bp. They are present in 
both genic and extragenic regions of the human genome predominantly in 
non-coding regions and occur, on average, every 6-10 kb [14, 15]. Mutation 
rates differ between different STR loci by several orders of magnitude and 
different alleles at the same locus may display different mutation rates [16]. 
The variation is dependent on the type of repeat, the repeat sequence and 
number of repeat units, the chromosomal location and the neighbouring se-
quence context. Dinucleotide repeats appear to have the highest mutation 
rate followed by tri- and tetranucleotide repeats [17] for which the mutation 
rate is about 10-3 per locus per generation. Single step mutations (i.e. muta-
tions involving gain or loss of one repeat unit) account for 90% of the muta-
tional events of STRs [16]. It has been shown that the mutation rate is corre-
lated to the number of repeats, revealing that the largest alleles have the 
highest mutability. Expansion mutations occur equally for all alleles but 
contraction mutations increase exponentially with repeat length [16, 18]. In 
addition to length variation, sequence differences consisting of non-
consensus alleles (i.e. alleles with interspersed irregular units) seem to mu-
tate less often than uninterrupted alleles. The mechanism behind mutations 
in microsatellites is not completely known but DNA replication slippage and 
mismatch repair is generally accepted as the underlying cause [19, 20].  

Tetranucleotide STR repeats exhibit a large variety of repeated structure 
motifs. These include simple, compound, complex and hypervariable repeat 
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sequences. Simple repeats are composed of one type of repeat sequence, of 
which some loci also contain frequently observed non-consensus alleles 
represented by incomplete repeat units. Compound repeats consist of two or 
more different repeat sequences and may also have non-consensus alleles. 
Complex repeats are made up of different repeat sequences occurring several 
times with interspersed non-consensus repeat units while hypervariable re-
peats are even more variable, harbouring multiple repeat sequences with a 
large number of interspersed incomplete units [21, 22]. While loci contain-
ing complex and hypervariable repeats display greater allelic variation and 
thus higher discrimination power, the large variation may also hinder reliable 
allele assignments due to different alleles of the same length and difficulties 
in distinguishing non-consensus alleles differing by only one base pair.  

Though a single STR marker is less heterogeneous than a single VNTR, 
they are highly polymorphic and suitable for individual identification. 
Analysis of 13 loci generates an average random match probability of one in 
1012 [23]. Due to the narrower allele range and shorter repeat length com-
pared to VNTRs, STRs are less prone to allelic dropout arising from prefer-
ential amplification of one allele in a heterozygous sample and thus more 
suitable for PCR-based systems. Moreover, the relatively short allele sizes 
have also made it possible to analyse degraded samples in certain cases, such 
as mass disasters [24]. The sensitivity of the PCR enables amplification of 
STRs from less than 1 ng of input DNA. STRs are today the most widely 
used markers in the forensic community and several kits such as the Power-
Plex® (Promega) and AmPF STRTM (Applied Biosystems) systems have 
been developed and optimised for forensic applications [25, 26]. The 
PowerPlex®16 kit and AmPF STR IdentifilerTM amplifies 16 markers (15 
STR loci combined with the amelogenin locus) in a single multiplex PCR 
with a recommended amount of 0.5-1ng input DNA, generating random 
match probabilities of roughly 10-17. These kits contain STR loci that, to a 
large extent, are overlapping with markers in the Combined DNA Indexing 
System (CODIS) used by the FBI (Federal Bureau of Investigation) in USA 
and Forensic Science Services (FSS) in the UK. This enables profiles from 
evidentiary samples to be searched for matches in convicted felons databases 
through INTERPOL [25].  

SNPs
The initiation and completion of the human genome project has brought new 
genetic markers for potential use in forensic analysis, of which SNPs (Single 
Nucleotide Polymorphisms) are the most recent. SNPs are the most abundant 
genetic variation in our genome and occur about every 1000 bases [27]. 
However, the practical use of SNPs is debated due to the low discriminatory 
ability of biallelic markers. A large set of markers must be analysed to reach 
the power of standard STR systems, which puts high demands on multiplex 
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PCR. Calculations have shown that depending on the allele distribution, 
about 40-50 SNPs would be required to yield a discrimination comparable to 
12 -13 STR markers [23, 28]. Nevertheless, the amplified fragments can be 
made very short and are therefore considered useful for degraded samples. In 
a recent study, 70 autosomal SNPs were evaluated for their heterozygosity in 
three major population groups in US (Caucasians, African Americans and 
Hispanics). Twelve SNPs of the total set were then selected based on a het-
erozygosity > 0.45 and tested for the ability to discriminate between individ-
ual samples. Using this smaller SNP set, all the 189 samples in the study 
could be distinguished. The marker amplicons ranged within 59 to 108 bp 
and have been used in the identification process of some of the World Trade 
Center victims [29].  

The mtDNA genome as a marker in forensic genetics 
and medicine 
Mitochondria are cellular organelles within the cytoplasm of all cells. Mito-
chondria produce energy in the form of ATP by the process of oxidative 
phosphorylation, and are essential for proper cell function and structure. The 
mitochondrion contains 2-10 copies of mitochondrial DNA (mtDNA) and 
the number of these organelles can be up to 1000 in a single somatic cell 
[30]. The human mitochondrial genome is a 16569 base pair (bp) double-
stranded circular molecule that encodes 13 polypeptides involved in oxida-
tive phosphorylation along with two ribosomal RNAs and 22 transfer RNAs. 
The mitochondrial genome is relatively gene dense with the coding region 
constituting about 93% of the total length. The remainder is a non-coding 
control region of approximately 1100 bp called the D-loop (displacement 
loop) that is divided into the hypervariable regions I and II (HVI and HVII). 

The genetic composition of the mitochondrial genome was first described 
in its entirety by Anderson et al. in 1981 [31]. This complete mtDNA se-
quence, with some modifications [32], is referred to as the revised Cam-
bridge reference sequence (rCRS) and serves as the backbone of mitochon-
drial nomenclature. Analysis of mtDNA sequence variation, mainly pro-
duced by direct Sanger sequencing [33], has been used in evolutionary stud-
ies of the origin of humans [34], for individual identification [35] and to 
investigate association to disease [36].  

Forensic mtDNA analysis  
The mitochondrial genome has several distinct characteristics not found in 
the nuclear genome that are advantageous in forensic investigations. Some 
regions of the genome, especially the hypervariable regions, have a much 
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higher mutation rate than normally seen in the nuclear genome due to lack of 
proper DNA repair mechanisms and the low fidelity of the mtDNA poly-
merase. In contrast to nuclear DNA, mtDNA is maternally inherited. The 
mitochondria are provided by the egg and although the sperm contains a few 
mitochondria, they are rapidly degraded upon fertilization [36]. The strict 
maternal inheritance is useful in certain types of forensic cases such as miss-
ing person cases, or to establish maternal relatedness over several genera-
tions. Finally, the high copy number of mtDNA in each cell is especially 
useful for investigations of forensic samples or human remains containing 
severely degraded or small amounts of DNA. Analyses have been success-
fully performed on shed hairs, saliva [35, 37], bone and teeth [38, 39], ex-
tinct animals [40] and Neanderthal remains up to 42,000 years old [41].  

Forensic mtDNA analysis commonly investigates the HVI and HVII re-
gions, but analysis of the coding region is gaining interest as this region har-
bours highly polymorphic mutations that may increase the discrimination of 
the most common mtDNA types [42, 43]. The development of high through-
put capillary sequencing has made whole mitochondrial genome analysis 
feasible and large collections of coding region data are now progressing [34, 
44]. Thus, selection of new markers suitable for forensic coding mtDNA 
analysis is feasible. In a study by Coble et al. [45], a panel of coding region 
SNPs were selected to resolve the most common HVI/HVII sequences in-
cluding the H haplogroup. An SNP assay was chosen as whole mitochon-
drial genome sequencing is not a practical approach for analysis of forensic 
samples. Moreover, coding SNPs were also chosen to resolve four additional 
commonly observed HVI/HVII haplotypes as the H-defining SNPs may not 
be able to resolve these into haplogroups. While the selection was con-
strained by only choosing silent and non-private polymorphism (variants 
observed in more than one individual) for ethical and practical reasons, 
nearly a four-fold increase in discrimination of the five most common hap-
logroups (H, J ,T ,V and U) was obtained [45].  

Heteroplasmy 
The mitochondrial genome is strictly inherited form the mother and thus 
haploid. However, if new mutations arise, the cell will contain a mixture of 
two or more mtDNA variants; a situation referred to as heteroplasmy. When 
a cell divides, unequal partitioning of mutant and wildtype mtDNA can 
cause cells, tissues or even whole organs to contain different levels of het-
eroplasmy, drifting to either pure mutant or pure wildtype over time [46]. 
Heteroplasmy has commonly been detected in mtDNA nucleotide positions 
associated to disease. The accumulation of mutant mtDNA molecules often 
causes different clinical manifestations and progression from milder to more 
severe disease symptoms. In tissues with high metabolic demands such as 
the brain and the heart, heteroplasmic mtDNA mutations might have a dele-
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terious effect on energy production. However, heteroplasmy at sites that are 
not related to disease may also occur in the D-loop or coding regions, and its 
presence within an individual’s mtDNA and the distribution in different tis-
sues must be considered when evaluating forensic mtDNA analysis. In gen-
eral, to distinguish between mixed samples due to contamination or hetero-
plasmy, both the HVI and HVII regions should be reamplifed and rese-
quenced at independent occasions regardless of in which region the ambigu-
ity was observed. The obtained mtDNA sequence should also be compared 
to the analyst performing the amplification reactions to rule out contamina-
tion during setup [47, 48]. The type of tissue investigated is also of impor-
tance since the extent of heteroplasmy has been shown to vary between dif-
ferent tissue types. Heteroplasmy has been observed quite frequently in hairs 
but seldom in blood [49]. When an evidence and reference sample do not 
share a detected heteroplasmy, typing of other tissue samples or additional 
samples of the same tissue may be helpful. As a consequence of potential 
heteroplasmy, mtDNA sequences differing at only one nucleotide position 
are regarded to be inconclusive whereas at least two differences are needed 
to ascertain exclusion. 

Association to disease 
Mitochondrial diseases are primarily related to three major mitochondrial 
activities. These are energy production through oxidative phosphorylation, 
the generation of reactive oxygen species and the regulation of apoptosis 
through activation of the mitochondrial permeability transition pore [46]. 
Several mutations in the mitochondrial genome affecting proteins or protein 
synthesis and thereby ATP production, have recently been associated with 
various mitochondrial disorders, some of which are listed in Table 1.  

Inherited mitochondrial diseases 
Leber’s hereditary optic neuropathy (LHON) is a maternally inherited 

form of blindness. Four primary LHON mutations have been identified, all 
localised in the complex 1 genes effecting NADH dehydrogenases (NDs) 
(Table 1). These four mutations accounts for 90% of the LHON cases ob-
served in Caucasian patients [50]. Haplotype determinations of LHON fami-
lies have shown that most primary mutations are new, however, observations 
of the two primary mutations G11778A and T14484C, giving rise to milder 
symptoms, are more frequent in patients belonging to haplogroup J. A Hap-
logroup J background is therefore suggested to increase the pathogenicity of 
these LHON mutations [51].  

Leigh’s Syndrome is an early onset neurodegenerative disorder affecting 
the basal ganglia and brainstem often leading to death. Different mutations 
in the ATP synthase 6 gene have been associated with Leigh’s Syndrome of 
which the T8993G mutation [52] is the most common. Different levels of 
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heteroplasmy at this site give rise to different diseases. If the mutant mtDNA 
is present at a percentage larger than 95% it causes Leigh’s Syndrome while 
a percentage of less than 75% gives rise to NARP (Neurogenic muscle 
weakness, Ataxia and Retinitis Pigmentosa) [46]. 

Of the mitochondrial disorders caused by protein synthesis mutations, 
MERRF (Myoclonic Epilepsy and Ragged Red Fibre) and MELAS (Mito-
chondrial Encephalomyopathy, Lactic Acidosis and Stroke-like episode) are 
the best characterised (Table 1).  

Sudden Infant Death Syndrome (SIDS) 
The cause of SIDS remains unknown despite extensive investigations of 

possible behavioural and environmental risk factors as well as genetic inheri-
tance. Identification of some of the risk factors initiated a widespread risk 
reducing campaign in the 1990s, of which the recommendation of supine 
positing sleeping (the baby sleeping on its back), has contributed to the larg-
est decrease in SIDS victims. An underlying genetic cause of SIDS has been 
suggested due to observations of a higher risk of SIDS in siblings to SIDS 
victims [53] and a higher incidence of SIDS among maternal relatives. The 
possible genetic contribution to SIDS constitutes two categories, one in 
which mutations give rise to disorders that may cause sudden death and an-
other in which polymorphisms might predispose to death in critical situa-
tions. The first category constitutes genetic alteration affecting fatty acid 
metabolism, regulation of blood glucose levels, and mutations in genes cod-
ing for cardiac ion channels causing the long QT syndrome (LQTS). Genetic 
predisposing factors that may cause death under certain circumstances are 
mainly polymorphisms affecting genes in the immune system, the serotonin 
transporter gene, genes coding for thermal regulation and variants found in 
mtDNA [54]. Therefore, a relevant working hypothesis is that all mutations 
involved in metabolic disorders associated with life threatening events are 
possible candidates for genes involved in SIDS, either as a direct cause of 
death or as a predisposing factor [54].  

Mutations in mtDNA have recently been in focus as metabolic distur-
bances may arise from deficient mitochondrial energy production [55]. Ob-
servations of apathy and lower activity score in SIDS victims [56] along 
with several risk factors such as sleeping position [57], infections [58], and 
exposure to smoking [59], are indicative of the involvement of respiratory 
defects. Three point mutations T3290C, T3308C and T3308G (Table 1) have 
been found in a few SIDS cases that were absent in healthy controls [60].  

It should be mentioned though, that a genetic cause of SIDS has not been 
widely accepted due to the opinion that well characterised risk factors are 
sufficient to cause SIDS and also because the reported recurrence rate in 
siblings is not sufficiently high to exclude environmental factors as the cause 
of death. Moreover, identification of genetic causes for sudden death such as 
those involved in LQTS has led pathologists not to diagnose infants carrying 
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these mutations as SIDS, thus excluding this group of genetic risk factors 
from SIDS [61]. However, many factors still need thorough investigation to 
unravel the enigma of SIDS.  

Table 1. mtDNA variants associated with mitochondrial diseases and syndromes.

mtDNA variant and 
position

Gene/location Amino acid 
exchange

Reference Disorder/syndrome 

T8993G ATPase 6 Leu  Arg Pastores et al. 1994 [52] Leigh’s Syndrome 
G11778A ND 4 Arg  His Brown et al. 2000 [50] LHON 
G3460A ND 1 Arg  Thr Brown et al. 2000 [50] LHON 
T14484C ND 6 Met  Val Brown et al. 2000 [50] LHON 
G14459A ND 6 Ala  Val Brown et al. 2000 [50] LHON 
A8344G tRNA lys   Shoffner et al. 1990[62] MERRF 
A3243G tRNA leu (UUR)  Majamaa et al. 1997 [63] MELAS 
T3290C tRNA leu (UUR)  Opdal et al. 1999 [60] SIDS 
T3308C ND 1 Met  Thr Opdal et al. 1999 [60] SIDS  
T3308G ND 1 Met  stop Opdal et al. 1999 [60] SIDS 
ND = NADH Dehydrogenase. LHON = Leber’s hereditary optic neuropathy. MERRF = Myoclonic 
Epilepsy and Ragged Red Fibre. MELAS = Mitochondrial Encephalomyopathy, Lactic Acidosis and 
Stroke-Like Episode. SIDS = Sudden Infant Death Syndrome. 

Forensic issues related to methodology and evaluation 
Any new method introduced for use by the forensic community must meet 
several criteria to be considered valuable in this field where accuracy, repro-
ducibility and robustness of the technologies are of uttermost importance. 
The implementation of new markers is also heavily debated as extensive 
population data has not yet been established. The most important issue is 
how new markers can be integrated for use in existing DNA databases. The 
standardisation of DNA databases, consisting of profiles from convicted 
felons and crime scene samples, has been achieved by international collabo-
ration in order to fight criminal activity across national borders. The number 
of analysed markers has been increased to compensate for the increasing 
number of profiles in the databases in order to minimize accidental matches 
between unrelated individuals. Progression of new technology is therefore 
very slow and the use of SNPs has sometimes met a reluctant reception. 
However, the general opinion in the forensic community is that the field will 
benefit from ongoing research concerning new technologies and markers for 
analysis of challenging samples. The traditionally used STR analysis is a 
powerful tool to discriminate between different individuals but may not be 
feasible on minute DNA amounts or severely degraded samples. As SNP 
markers can be amplified in very short fragments, SNP analyses are likely to 
be more successful on limited and degraded samples. Another comprehen-
sive method aiming in the same direction is the development of reduced STR 
amplicons [64, 65]. There is also a need for fast and effective methods to 
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speed up the turnaround time of the complete analysis in order to make 
criminal investigations more effective and reduce backlogs. The use of SNP 
assays are thus useful for autosomal marker analysis as well as for analysis 
of coding region and D-loop mtDNA polymorphisms [43, 45].  

Accuracy
The most critical issue in forensic DNA analysis concerns accuracy, which is 
understandable as the result will be questioned in court and even small errors 
may have large impact on the results. Accuracy must be considered with 
respect to both human error and the technology used. In accredited laborato-
ries, good laboratory practice (GLP) and participation in proficiency testing 
exercises are greatly encouraged to eliminate contamination risks, sample  
mix ups, and inconsistency in genotype assignments. Any method should be 
thoroughly validated before it can be used in routine analysis. Low accuracy 
of the detection method would most likely lead to a false exclusion, while 
human error or contamination, for example by PCR carryover, may lead to 
false inclusion. The latter is less likely, especially for STR markers, as it 
requires accidental match between the genetic type of the contaminant and 
someone accused in a case. 

Sensitivity
The requirement of highly sensitive methods is also of great importance 
since many of the samples found at crime scenes or in mass catastrophes 
contain minute amounts of DNA that may also be heavily degraded. Al-
though the introduction of PCR increased the sensitivity enormously, ongo-
ing efforts are made in designing the PCR amplicons as short as possible to 
compensate for degradation [64, 65]. Samples containing low copy number 
(LCN) of DNA such as amounts less than 100 pg [66, 67] require a highly 
sensitive analysis. The most common way to increase sensitivity is to in-
crease the number amplification cycles. However, in doing so, the risk of 
potential artefacts can become a major factor for reliable profiling. A tempt-
ing yet not widely tested approach in forensics would be to use whole ge-
nome amplification assays to increase the amount of template for subsequent 
analyses. Several pre-amplification assays aiming at producing a sufficient 
amount of DNA for further analysis have been developed. These include 
DOP-PCR (Degenerate oligonucleotide primer PCR) [68], PEP-PCR (Primer 
extension pre-amplification PCR) [69] and MDA (Multiple displacement 
amplification) [70]. These assays have so far been most successful on blood 
samples and large input amounts and there are reasons to believe that de-
graded material in low amounts may reduce the success rate using these 
methods. In particular, balanced amplification may be difficult to obtain on 
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fragmented DNA using the rolling circle amplification procedure in the 
MDA strategy.  

Contamination and artefacts 
Analysis of forensic samples requires thorough safety precautions that make 
these types of analyses tedious and time consuming. This is especially true 
for analysis of mtDNA for which the analysis is recommended to be inde-
pendently repeated at least twice, and questioned materials to be analysed 
prior to the reference samples to minimise the incidence of contamination 
[48, 71]. As the mt genome is present in such a large copy number, even a 
single foreign cell can be amplified to generate erroneous results. A set of 
guidelines have been established to minimize contamination [48, 72] and 
includes the following recommendations. DNA extractions and reaction 
setups should be carried out in a dedicated laboratory by personnel wearing 
disposable protective clothing and using disposable plastic aerosol resistant 
pipette tips. An appropriate clean environment must be provided by treating 
benches and equipment repeatedly with bleach and UV irradiation. Pre- and 
post-amplification areas should be physically separated and contamination 
should be monitored throughout the analysis procedure using DNA extrac-
tion blanks, reagent blanks and negative controls run in parallel with ampli-
fication reactions. Repeated testing to check for concordance between results 
should be performed whenever possible. Finally, all results should be com-
pared against profiles of laboratory personnel performing the analysis and 
crime scene staff if available.  

Specific routines and recommendations are also applied to analysis of nu-
clear DNA in low copy numbers (LCN). These guidelines are much like the 
ones described for mtDNA, which necessitate repeated extractions and am-
plification reactions and a controlled clean laboratory setup. There are also 
recommendations specifically adopted for interpretation of the results. At 
input levels of LCN DNA, stochastic effects in the early PCR cycles are 
more likely to occur. Allelic drop out may occur as a consequence of prefer-
ential amplification of a heterozygous locus, or more rarely between loci in 
different samples due to inhibitors [25]. Allelic drop in or contamination 
may yield false genotypes by the co-amplification of two homozygous geno-
types at the same locus of which the result may be a clear heterozygote [67]. 
Also, stutter bands may be incorrectly analysed as true alleles. Moreover, 
possible secondary transfer of DNA (i.e. transfer of DNA to an object from a 
person that is not related to the crime) must also be taken into account when 
analysing very small amounts of DNA [73].  

When dealing with a highly sensitive analysis such as mtDNA and nu-
clear LCN analysis, identification of the source of a trace sample and its 
amount also helps to associate an obtained profile to a particular sample. 
Generally, it is easier to obtain a clean profile from evidence material sur-
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rounded by a physical barrier that can be scraped off or washed before ex-
traction such as in the case of analysing bone, teeth or hair. For other tissue 
types such as blood and saliva, the amount is important in strengthening the 
association of obtained results. A profile originating from a fresh and visible 
blood stain is more reliable than a profile from a minute dried stain contain-
ing LCN amounts which may be masked by other sources of DNA such as 
saliva. In these cases, a sensitive quantification method is useful to assist in 
the interpretation and relevance of a DNA profile obtained from an eviden-
tiary sample. 

DNA transfer 
It is difficult to account for adventitious transfer by an innocent person that 
takes place before samples enter the laboratory. The possibility of adventi-
tious transfer and secondary transfer (transfer of DNA from one person to an 
item through a second person) is, nevertheless, present and has raised the 
question of intentional placement of DNA at a crime scene that may result in 
a false inclusion. As this would greatly complicate the interpretation of DNA 
evidence in the courtroom, several studies have been undertaken to investi-
gate the extent of secondary transfer between skin to skin and skin to object 
contact. Studies have shown that different individuals shed DNA in different 
amounts placing them into the categories of good and poor shedders [74]. To 
represent the worst-case scenario, individuals were grouped into pairs of a 
good and a poor shedder letting the poor shedder handle the objects. The 
poor shedder washed the hands and then held hands with a good shedder for 
a minute prior to holding a clean plastic tube. A time delay of 30 min and 1h 
between human contacts was thereafter introduced. These preliminary ex-
periments showed that a full profile of the person not handling the object 
(the good shedder), could be obtained from an object through secondary 
transfer after short time periods (i.e. immediately after human contact) 
whereas mixed profiles were more frequent after 30 min to 1 hour. The latter 
circumstance more likely reflects a casework scenario unless other people 
are interacting, intentionally or unintentionally, with the perpetrator at the 
crime scene. However, further studies of secondary transfer and persistence 
of LCN DNA are needed to evaluate its consequences in casework.  

Forensic databases 
There is different legislation in different countries regarding the content and 
construction of national DNA databases. The issues concern how the catego-
ries of convicted felon and suspect profiles should be arranged and entered 
into the database as well as how long they should persist in the system [75]. 
Common practice involves a database of profiles from felons convicted of a 
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serious and violent crime for which longer prison terms are served, a tempo-
rary database containing profiles from suspects of serious crimes and an 
evidence database including trace profiles found at crime scenes. The UK 
legislation has taken the largest step and the UK national DNA database 
founded in 1995 will in a few years exceed 5 million profiles [76]. Any indi-
vidual suspected of or convicted for a recordable offence will be registered. 
The ethical concerns and costs associated with creating nationwide databases 
also covering perpetrators of minor offences may not be acceptable by most 
countries, at least in a short perspective, but evaluations of the vast number 
of hits between trace and felon databases has increased the number of solved 
crimes substantially in UK. Though most crimes involve less serious of-
fences such as burglaries, there is a possibility to break the trend towards 
more violent criminal activities and to prevent recurrence among perpetra-
tors [75].  

Statistical calculations 
To be able to use DNA evidence in court, statistical calculations based on 
observed allele frequencies and population genetics are needed to estimate 
the strength of a match between a suspect and evidence material. New STR 
population data are increasingly generated and cover many populations 
worldwide. For reliable and high discrimination between genetic profiles 
from different individuals, the markers used in the analysis must be variable, 
display a high degree of heterozygosity and be inherited independently of 
each other [77]. In addition, loci in coding regions or functional genes are 
less appropriate since they might be under selective pressure, generating 
skewed frequency proportions, and may raise ethical considerations upon 
storage in databanks. The battery of STRs used have been extensively inves-
tigated in different populations and tested for departure from Hardy-
Weinberg equilibrium (HWE). The HWE is a state that occurs in random 
mating populations in the absence of selection, mutational events and migra-
tion that allows us to estimate the genotype proportion between generations. 
These assumptions have proven to be a good approximation of neutral mark-
ers used in forensics. The choice of mate is not expected to be random but as 
markers for phenotypic traits or other markers assumed to be involved in 
mating choice are not the targets in individual identification, the H-W as-
sumption should hold true for most populations. Departures from HWE may 
arise due to small sample sizes, population substructure or simply genotyp-
ing errors. The consequence of a subpopulation is that there will be an ex-
cess of homozygotes compared to heterozygotes because of incomplete mix-
ing of ancestral DNA or reduced differentiation due to genetic drift in a 
small population based on few founders. A common estimation of popula-
tion substructure is Fst, which compares the amount of genetic diversity 
found within subpopulations to the genetic diversity of the meta-population. 
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If the suspect is known to belong to a certain population, then this population 
should be used for calculations if a match between samples is found. How-
ever, the suspect’s population may not have been sampled, in which case an 
estimated Fst value can be used to assist in a proper choice of population. 

If samples from evidence and a suspect match, how certain are we that 
this is not a random observation? Which set of markers is best suited to limit 
the risk of random matches between samples? These questions deal with the 
concepts of power of discrimination and random match probability. 

Power of discrimination, Pd 
The power of discrimination is defined as the probability of not getting a 
random match at the locus/loci used in a test. It reflects the average variabil-
ity of the loci used in a certain test, or formulated in another way, the prob-
ability that two unrelated individuals will have different genotypes at the loci 
being tested. Assuming HWE, determination of expected genotype frequen-
cies is made by measuring allele frequencies of certain markers in a smaller 
number of randomly chosen individuals representing the general population.

Pd = 1-  (pi
2), pi being genotype frequencies for observed allele combina-

tions at a loci. 

For a whole test, the probability that two unrelated persons will have differ-
ent profiles is calculated by the complement event of two individuals having 
the same profile (i.e. sum of squares of all possible genotypes at a certain 
locus, multiplied for all loci used).  

Pd = 1-  (P1, P2…Pn), P1…Pn=  (pi
2)

Random match probability
If the DNA profile from the evidence sample and that of the suspect match, 
they may have come from the same person, or it might represent a coinci-
dental match between two individuals that happen to share the profile. PM
(match probability) is the probability that a random person by chance 
matches another unrelated randomly selected person. A PM value or fre-
quency is specific for a certain combination of genotypes and is a theoretical 
probability estimation based on measured allele frequencies in a subset of 
the population. Thus, the probability of a random match for two samples 
showing the same profile is simply the product of the expected genotype 
frequencies for the loci used. The obtained frequency is dependent on obser-
vations in the reference population used for the calculation. In practice, it is 
not possible to verify a theoretically estimated combined frequency of, for 
example, 5-10 STR loci since no population database is large enough.  
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Haploid markers 
The product rule does not apply for haploid markers such as the mitochon-
drial genome and the Y-chromosome. Instead, random match probability is 
estimated by the counting method and is therefore dependent on available 
sequences in current population databases. To infer information about the 
weight of an mtDNA match between evidence and reference samples, com-
mon practice is to count the occurrence of a particular sequence or haplotype 
observed in a database. If a particular sequence is not found in the database, 
its frequency can be corrected for uncertainty due to sampling error by dif-
ferent calculations [71]. Thus, in the case of a rare sequence, the size of the 
database will be a limiting factor for determining the frequency. Routine 
mtDNA analysis involves sequencing of the control region (HVI and HVII) 
and databases have therefore been constructed based on sequence informa-
tion in these regions. FBI’s mtDNA population database is available for 
searches between HVI/HVII sequences and exists of 4839 individuals from 
four populations (Caucasians, Africans, Hispanics and Native Americans) 
[78].  

Most of the control region variation observed in sequences originating 
from Europe and US Caucasians can be defined in ten major haplogroups. 
Recent investigations of 1771 European and US Caucasian HVI/HVII se-
quences have shown that 46% belong to haplogroup H [79]. Haplogroup H 
can be further divided into seven subgroups of which each differs at only one 
nucleotide position. The major type observed in this haplogroup is identical 
to the revised Cambridge reference sequence (rCRS) and is found in ap-
proximately 7% of Caucasians [45]. The high occurrence of haplogroup H in 
samples of European origin requires investigation of additional variants in 
the coding region to accomplish a higher resolution of sequences in this hap-
logroup.  

Detection of genetic markers 

The first DNA-based technology used in forensics was VNTR analysis using 
RFLP (Restriction Fragment Length Polymorphism) which involved restric-
tion enzyme cleavage of DNA detected with Southern blot [11, 80]. The 
DNA is cut in small fragments using restriction enzymes, which are sepa-
rated on a slab gel. The fragments are thereafter transferred to a membrane, 
which is flooded by a radioactively labelled probe specific for a certain 
VNTR and the hybridisation results are detected by x-ray film. The proce-
dure is repeated for each probe. The size resolution obtained with this 
method is not enough to determine the exact length of a VNTR and alleles of 
similar size are grouped in bins, which can make the assignment complicated 
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and less accurate. Two bands close to each other may look like a single 
band. This typing method also requires a large amount of non-degraded 
DNA and is time consuming and labour intensive compared to available 
methods of today. 

The advent of PCR with the possibility to amplify a specific region in bil-
lions of copies enabled analysis of limited and degraded DNA. The small 
amount of DNA extract needed in the amplification reaction also made it 
possible to set aside sample material for repeated testing, which is important 
to assure accurate typing and to allow testing in an independent laboratory. 
By using PCR amplification of new STR markers, exact determination of 
alleles could be made. However, artefacts related to PCR such as enzyme 
slippage and non-template dependent addition of nucleotides still demand 
advanced software algorithms, which involve grouping alleles into bins. 
Nevertheless, the speed of the test processing and the sensitivity of the assay 
have been greatly enhanced by PCR. 

DNA Sequencing  
The development of the Sanger dideoxy sequencing method [33] enabled the 
characterisation of the human genome and is a robust method for finding de
novo mutations. The scoring of length polymorphisms and bi-allelic markers 
in heterozygous samples is, however, less applicable to sequencing due to 
interpretation difficulties of chromatograms generated from alleles of differ-
ent length or different sequence content. Another more recently developed 
non-electrophoretic technology for sequencing is Pyrosequencing [81, 82].  

Dye PrimerTM  and Dye TerminatorTM sequencing 
Sanger sequencing relies on the use of dideoxy chain-terminating nucleo-
tides (ddNTP) together with ordinary deoxynucleotides (dNTPs). During 
strand elongation the dideoxynucleotides (ddNTPs) will eventually be incor-
porated into the synthesised strand and prevent further extension. This leads 
to the generation of a large amount of fragments differing in size by only one 
base. These fragments are then separated on a polyacrylamide gel during 
electrophoresis. The Dye PrimerTM and Dye TerminatorTM (ABI) sequencing 
chemistries are two of the most commonly used sequencing assays. In The 
Dye PrimerTM chemistry, the sequencing reactions are divided into four reac-
tions (A, T, C and G reactions). Each reaction contains fluorescently labelled 
forward or reverse sequencing primers together with the corresponding unla-
belled ddNTP. The four different reactions are pooled together prior to slab 
gel loading. Dye PrimerTM sequencing generates more evenly distributed 
peaks in the resulting sequence chromatogram and creates longer read 
length, up to 1000 bases of good quality, and is therefore suited for sequenc-
ing of larger regions. However, the PCR primers must be designed to contain 
tag sequences complementary to the forward and reverse sequencing prim-
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ers. In The Dye TerminatorTM chemistry, the PCR primers are used for se-
quencing together with unlabelled dNTPs and fluorescently labelled ddNTPs 
(A, T, C and G) mixed in a single reaction. Thus, detection is based on in-
corporation of fluorescently labelled ddNTPs instead of a labelled primer. 
Dye TerminatorTM chemistry has the advantage of flexibility since sequenc-
ing can be performed using available PCR primers without the need for re-
design. This assay is also less time consuming and labour intensive since it is 
performed in single reactions. 

Non-electrophoretic sequencing-by-synthesis 
The Pyrosequencing technology was originally developed as a non-
electrophoretic high throughput alternative to Sanger sequencing with fast 
and easy to use methodology. The use of Pyrosequencing has within a few 
years increased and spread into many different areas of research. An advan-
tage of Pyrosequencing is the ability to sequence regions close to the se-
quencing primer. In ordinary direct sequencing, the short fragments gener-
ated from the start of the sequencing primer are difficult to precipitate due to 
their low molecular weight. Furthermore, co-migrating fluorescently labelled 
primer sequences (Dye PrimerTM chemistry, ABI) may interfere with 
detection if precipitation is carried out for a longer time. Another advantage 
is the possibility to sequence through GC-rich templates as Klenow has a 
stronger strand displacement activity than Taq DNA polymerase [83, 84]. 
However, the read length capacity is currently limited to short stretches of 
about 100 bp. Much effort has been made to improve the assay including 
Pyrosequencing performed at elevated temperature [85] and the use of Se-
quenase polymerase in the reaction [86]. A possibility to sequence dsDNA 
has also been demonstrated by the use of blocking primers [87, 88]. Pyrose-
quencing has proven to be reliable and robust for sequencing of exons 5-8 of 
the p53 gene [89], forensic mtDNA analysis [42] and HLA typing [90].  

The technology is a four enzyme system based on an indirect luminescent 
detection of organic pyrophosphate (PPi) [81]. Each nucleotide is added 
separately to the reaction iteratively and subsequent incorporation of the 
dNTPs initiates a cascade response. The incorporation of dNTPs by DNA 
polymerase releases PPi, which is used as a substrate for ATP sulfurase, 
forming ATP. The enzyme Luciferase uses ATP to convert luciferin, which 
in turn creates a detectable light output. The excess dNTPs and ATP are 
degraded by Apyrase before each new cycle begins. The nucleotides can be 
added in an iterative manner for all the four nucleotides as in cyclic dispen-
sation or according to a known reference sequence as in sequence-directed or 
pre-programmed dispensation. Reactions can be performed in a 96- or 384-
well format.  

A recent assay developed by 454 Life Science, based on a patent from Py-
rosequencing, enables extremely high throughput of whole genome sequenc-
ing using novel instrumentation and picoliter technologies for determining 
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the nucleotide sequence. The genome is fragmented and a single-stranded 
DNA library is created using adapters. ssDNA is captured on microbeads 
and deposited in a PicoTiterPlate and the enzyme beads are then centrifuged 
into the wells. Sequencing is then carried out using the Pyrosequencing 
strategy. This whole genome sequencing technology was used by scientists 
at Johnson & Johnson Pharmaceutical Research & Development L.L.C in a 
recent publication investigating tuberculosis drug resistance [91] 
(http://www.454.com). 

Figure 1. Overview of the Pyrosequencing technology. Nucleotides are added one at a 
time. If the nucleotide is incorporated into the DNA strand, PPi is released and used 
in an enzyme cascade that creates detectable light. Excess unincorporated nucleo-
tides and ATP are degraded by Apyrase.  

Fragment length analysis and alternative methods 
STRs are today commonly used in forensic DNA analysis using electropho-
retic size separation on denaturing gels. The first STRs to be explored were 
dinucleotide repeats, which were found to be highly polymorphic and abun-
dant. However, genotype assignments of these repeats were problematic 
since they are prone to enzyme slippage during amplification creating spuri-
ous stutter bands [14, 15]. Today, exclusively tetrameric and pentameric 
repeats are included in the commercially available kits routinely used in 
forensic casework analysis. Fragment analysis involves amplification using 
fluorescently labelled PCR primers. The fragments are separated by electro-
phoresis and run together with a size standard comprising labelled fragments 
in the size of known alleles.

As mentioned earlier, STR structure motifs are highly variable and can 
roughly be divided into simple, compound and complex repeats. Some loci 
have both simple and complex structures, which produce the same fragment 
size and are therefore difficult to distinguish using fragment analysis. We 
recently conducted an investigation of the applicability of using Pyrose-
quencing for autosomal STR analysis, summarised in study IV. Since no size 



29

separation based on overlapping fluorescence spectra is necessary using this 
method, all amplicons can be kept short, which is highly beneficial for 
analysis of degraded samples. The demand for multiplex PCR will influence 
the design to a certain extent, but the amplicons can be arranged in a much 
narrower size range compared to fragment analysis.  

Another alternative method for STR analysis has recently been demon-
strated using electronically active DNA microchips [92]; a method that was 
first developed for SNP detection [93]. For each allele, the method requires a 
design of a biotinylated capture probe and a fluorescently labelled reporter 
probe. The method relies on the role of base stacking, i.e. when the capture 
and reporter probe are juxtaposed, to stabilise the DNA duplex. The forma-
tion of any other possible hybridisation complex, by a target allele with 
greater or fewer numbers of repeats than the capture and reporter oligonu-
cleotides together (i.e. mismatch through a gap or mismatch with overlap), 
destabilises the hybrid. The biotinylated capture probe is directed to its loca-
tion on a solid support by applying an electrical field. Target and reporter 
probes are electronically hybridised and the capture-target-reporter complex 
is denatured to discriminate between matched and mismatched complexes 
followed by scanning the array for reporter fluorescence. By using an elec-
trical field to concentrate the target, the formation of hybridisation com-
plexes and therefore the hybridisation rate, is increased. This assay will 
however require a large number of biotinylated and fluorescently labelled 
oligonucleotides even for a small set of loci, which will increase the cost. 
Moreover, the fabrication of microchips is complicated and they have to be 
purchased along with the detection platform so the possibility to detect new 
variants is limited. 

Detection of single base variants 
Different assays and technologies have been developed in parallel to 
discoveries of new SNPs in the human genome. Many of the different strate-
gies that are used today involve detection based on hybridisation [94], liga-
tion [95], primer extension [96], and Pyrosequencing [81]. The initiation and 
progression of the human genome project have revealed a large number of 
new polymorphic markers, which has raised high demands on high through-
put technologies. The capability of producing a miniaturised system that 
allowed the detection of thousands of mutations simultaneously made the 
microarray technology one of the most promising techniques in terms of 
high throughput and cost effectiveness. Microarrays have been useful for 
mRNA detection in gene expression profiling [97] as well as for detection of 
nucleic acids in various kinds of genotyping strategies. One of the first ap-
plications involved de novo sequencing using hybridisation assays [98, 99]. 
A problem with sequencing by hybridisation (SBH) was, however, that the 
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short probes used only formed stable hybrid matches under non-stringent 
conditions that also stabilise secondary structures in the template sequence. 
Furthermore, repetitive sequences, deletions or insertions in unknown se-
quences also proposed a challenge for SBH. For these reasons, de novo se-
quencing using Sanger-based direct sequencing is a more practical approach 
whereas the high throughput generated by SBH is more suited to resequenc-
ing. Today, the much more straightforward SNP scoring of known mutations 
has gained the largest interest and several different microarray-based assays 
have been developed for this application, of which a few are presented be-
low. No doubt, the use of the array format enables high throughput and many 
genotyping methods are applicable to solid phase detection.  

There are some issues to consider and choices to make before designing a 
microarray system. One factor is the binding capacity of the solid support, 
which is usually made up of a glass surface covered with chemically reactive 
groups to allow for binding of oligonucleotides through a linker molecule. 
This two-dimensional binding has been further improved by fabrication of a 
polymer layer of reactive groups that can bind the oligonucleotide in three 
dimensions. This increases the sensitivity and reduces cost as less oligonu-
cleotides will be washed away during the blocking procedure of unbound 
reactive groups. Another issue to consider is the choice of detection meth-
hod. Detection reactions can be made that rely on the fidelity of DNA poly-
merase or the ability of ligases to join two adjacent perfectly matched se-
quences. Primer extensions and ligation can be made on the solid phase or 
indirectly by performing the extension or ligation reaction in liquid phase 
prior to hybridisation to arrays. Alternatively, detection can rely on destabi-
lising hybridisation complexes in which the perfect match between target 
and template is more stable than the mismatch hybrid (as in allele-specific 
hybridisation). Hybridisation assays require stringent conditions that disable 
formations of stable mismatches. However, hybridisation in conjunction 
with extension or ligation in solid phase can be made less stringent as the 
enzyme will provide enhanced specificity. In addition, the use of fluoropho-
res can affect the interpretation of genotypes. Different fluorophores have 
different intensities and appear to be incorporated with different efficiencies 
when coupled to a nucleotide [100].  

Alternative non array-based methods for analysing SNPs have been used 
in recent years, for example DASH [101], the TaqManTM genotyping system 
[102], the SNaPshotTM assay [103], and Pyrosequencing [81]. These assays 
have limited capability for parallel analysis compared to microarrays, which 
limits throughput, but ongoing technology development and extended assay 
formats for detection of smaller sample volumes have greatly improved 
throughput in these systems. An overview of some of the methods described 
is depicted below in Figure 2. 
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Figure 2. Overview of methods based on hybridization, primer extension and liga-
tion. A) Hybridisation reactions are based on the stable duplex created by a perfect 
match between complementary sequences in comparison to mismatched duplexes. 
This fact is utilised in the homogenous TaqManTM reaction, which contains allele-
specific probes with a reporter and quencher molecule in its ends. When the probe is 
replaced and degraded by the 5’-3’ exonuclease activity of Taq Polymerase, the 
reporter fluorescence can be measured. B) Minisequencing relies on the incorpora-
tion of a fluorescently labelled chain-terminating ddNTP at the variable position. 
Primer extension can also be performed using allele-specific primers and labelled 
ddNTPs or dNTPs. Extension occurs when primers and target are perfectly matched. 
C) Ligation reactions rely on the ability of the ligase to covalently join two perfectly 
matched juxtaposed sequences. This can be done using two separate probes or, as 
shown in the picture, using padlock probes. The linear padlock sequence becomes 
circularised when the sequence-specific and allele-specific ends are perfectly 
matched and joined by a ligase. 
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Hybridisation assays 
Sequence specific oligonucleotide probe hybridisation 
Allele specific or sequence specific oligonucleotide probe hybridisation 
(ASO and SSO) of the DQA locus was one of the first PCR-based ap-
proaches to detect allelic variation. This locus is part of the HLA complex, 
which is a group of highly variable genes involved in the immune response. 
SSO hybridisation assays of HLA genes have been used for screening of 
genetic diversity for various applications including DNA identification in 
forensics [104]. The first assays relied on the dot blot method in which SSO 
probes were hybridised to PCR products immobilised on a nylon or nitrocel-
lulose membrane and can be considered to be the precursor to modern array 
technology [105]. Discrimination of alleles is made under stringent hybridi-
sation and washing conditions that allow only perfect matches between the 
probe and target to be detected. This assay can be cumbersome, especially 
with small sample sizes, as the number of probes used equals the number of 
hybridisations that has to be performed. A further development to simplify 
the SSO typing, called the reverse dot blot [105, 106], is based on immobi-
lising the probes to the membrane, rather than the PCR product, to which the 
amplified fragments are hybridised.  This procedure requires only one hy-
bridisation reaction to detect the entire probe panel. Genetic variation was 
initially detected with radioactivity but is today replaced by colorimetric 
detection. A biotinylated PCR product hybridised to its target is detected 
using a streptavidin-horse radish peroxidase conjugate (SA-HRP) and a 
chromogenic substrate that produces a blue precipitate on the filter mem-
brane (Figure 3). Besides variation in the HLA genes, the SSO assay Poly-
Marker has been developed specifically for DNA profiling in individual 
identification [77]. The PolyMarker contains a set of six polymorphic mark-
ers, which in combination with DQA generate an average discrimination of 
about 10-5. Recently, a SSO linear array with markers for polymorphisms in 
the mitochondrial HVI and HVII regions has been developed [107, 108]. 
This assay is particularly useful as a first screening to exclude suspects or 
evidentiary samples and thereby reduce the subsequent sequencing effort, as 
is demonstrated in paper II. 
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Figure 3. Biotinylated PCR products are hybridised to sequence-specific probes on a membrane. An 
enzyme conjugate binds to the PCR product and the addition of a chromogenic substrate (TMB) produces 
a coloured precipitate on the membrane.  

DASH
DASH (Dynamic Allele-Specific Hybridisation) is a method which relies on 
melting curve analysis of target-probe duplexes using an intercalating dye 
[101]. Oligonucleotides specific for the two alleles are hybridised to single-
stranded PCR products of a target sequence at low temperature. The interca-
lating dye binds to the duplex region, which emits fluorescence proportional 
to the amount of duplex DNA. As the temperature increases, the DNA 
strands separate and releases the dye into the medium, which produces a 
rapid fall in fluorescence. A heterozygous sample undergoes two phases of 
melting (one for the perfectly matched and one for the mismatched probe) 
and therefore produces melting curves at different temperatures in the analy-
sis. This assay does not require enzymes or expensive fluorophores but care-
ful design of oligonucleotides is needed [109]. This DASH concept has been 
further developed for solid phase detection using oligonucleotides attached 
to nylon membranes [110]. 

TaqManTM

The TaqManTM genotyping system takes advantage of the 5’-3’ exonuclease 
activity of the Taq DNA polymerase [102, 111](see Figure 2A). Two allele-
specific probes are required to discriminate between alleles. Each probe con-
sists of an oligonucleotide with a reporter fluorophore on its 5’-end and a 
quencher fluorophore on its 3’-end. When the probes are intact, fluorescence 
is quenched due to the physical proximity of the two dyes. The probes hy-
bridise to their targets during the annealing phase and perfectly matched 
probes are cleaved and displaced during strand elongation [112]. The cleav-
age of the probes enables detection of increased reporter dye intensity during 
or after completed PCR. The assay is performed in a closed tube one-step 
reaction, which minimise sources of contamination and sample  mix-ups, but 
the labelled probes are costly. The TaqManTM detection platform can also be 
used for real-time PCR based quantitative measurements of the number of 
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nuclear or mtDNA copies present in a DNA extract [112-114]. This is espe-
cially useful in forensic analysis as an indicator of the most appropriate 
analysis to choose or to assist in the interpretation of obtained profiles and 
many forensic laboratories are today implementing this assay. The quantita-
tive assay measures the increased reporter fluorescence from a single copy 
gene during amplification. Serial dilutions of a sample with known DNA 
quantities are used as standard curves for extrapolating starting DNA quanti-
ties in unknown samples. 

Assays based on primer extension 

Single base primer extension 
The general concept of minisequencing (also called Single Base Extension, 
SBE) is to design a primer with its 3’-end located one base upstream the 
polymorphic site (Figure 2B). Detection is enabled by incorporation of fluo-
rescently labelled ddNTPs at the site to be interrogated [96, 115]. The minis-
equencing reaction can either be carried out directly on the solid support 
[100] or in solution that is thereafter hybridised to universal tag arrays [116, 
117]. In the case of on-chip extension, the minisequencing primer is attached 
to the glass surface at its 5’-end and the PCR product is thereafter hybridised 
to the primer in a reaction mix including fluorescently labelled ddNTPs and 
DNA polymerase. The subsequent washing procedure can be made very 
stringent as the fluorescent nucleotide is incorporated into the covalently 
bound oligonucleotide on the chip. A disadvantage is that the sequence-
specific oligonucleotides can have different Tm, which may influence the 
performance of some of the markers. An alternative is to perform the minis-
equencing reaction in a solution in which contains a sequence-specific 
primer with a tag on its 5’-end that is complementary to an oligonucleotide 
on the array. After completed extension, the reaction is hybridised onto the 
array and different extension products are distinguished through each indi-
vidual tag sequence, as demonstrated in study III. This assay offers flexibil-
ity as changing a marker only requires redesign of the minisequencing 
primer without the need of printing new arrays. Careful oligonucleotides 
design can also generate Tm values within a narrower range. The concept of 
minisequencing in solution prior to hybridisation on tag arrays [116, 118] 
has been utilised in the GeneFlex TM  array (Affymetrix) for parallel detec-
tion of 2000 SNPs.  

SNaPshotTM

The SNaPshotTM assay (ABI) [103] is a gel-based electrophoretic detection 
method based on minisequencing. The reaction contains up to 10 minise-
quencing primers with tails of differing lengths and fluorescently labelled 
ddNTPs for the different SNPs to be detected. According to the kit manufac-
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turers recommendations, each primer should differ by at least four bp with a 
minimum length of 36 bp. With careful design and optimisation to avoid 
cross reactions between extension primers, the multiplex capability can be 
increased and at least 35 Y-chromosome SNPs have been analysed in the 
same reaction [119]. 

Allele specific primer extension 
This variant of primer extension uses two allele-specific primers to detect the 
variable SNP position. The two primers are designed to cover the variable 
position under the immediate 3’-end of the primer so only perfectly matched 
primers will be extended. The extension can be performed using labelled 
ddNTPs [120] or dNTPs of which one is labelled [121](Figure 2B).  An in-
crease in signal intensity by incorporation of several labelled dNTPs can be 
obtained in the latter format. Increased specificity of the discrimination be-
tween alleles has been demonstrated using AMASE (Apyrase-Mediated Al-
lele-Specific Extension) [122]. The addition of Apyrase to the reaction al-
lows incorporation of nucleotides when reaction kinetics is fast (i.e. perfectly 
matched primers) whereas degradation of nucleotides takes place when 
mismatches are present in the 3’-end, which slows reaction kinetics. The 
AMASE concept has recently been applied to the microarray format [123, 
124] to increase throughput. Moreover, allele-specific primer extension 
products have been used for capture onto colour-coded beads detected on a 
flow cytometric platform (LuminexTM) [125]. 

Ligation
Ligation assays are based on the ligation of two adjacent oligonucleotide 

primers, one of which the 3’-end coincides with a polymorphic SNP site. A 
perfect match between the two probes and its target sequence enables the 
probes to be covalently joined by a ligase (Figure 2C). Based on this princi-
ple, several ligation assays have been developed such as OLA (Oligonucleo-
tide Ligase Assay) [95], LCR (Ligase Chain Reaction) [126] and the ho-
mogenous DOL (Dye-labelled Oligonucleotide Ligation) [127] assay using 
fluorescence polarisation. OLA takes place after the amplification process 
whereas LCR uses two sets of ligation probe pairs in which the ligated prod-
ucts can be used as templates in similar way as PCR amplification. Detection 
of ligated products on a microarray platform was first applied by Gundersson 
et al [128] using immobilised oligonucleotides consisting of an anchor se-
quence and a combinatorial sequence-specific 5’-end. The target was 
hybridised to the sequence-specific part and ligated with a complementary 
anchor probe. Another approach, presented by Gerry et al [129], performed 
the ligation reaction in a solution in which one of the ligated probes con-
tained a generic tag sequence for hybridization to universal tag arrays. 
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One advantage of ligation assays is the increased specificity generated by 
detecting the target with probes specific for both the downstream and up-
stream region surrounding the variable site as well as the site itself. More 
recently, allele-specific padlock probes have been used in ligation assays to 
improve multiplex capacity and to decrease cross-reactivity between differ-
ent probes. Allele-specific padlock probes contain two target complementary 
sequences in its ends, of which the 3’-end covers the variable position. A 
linker sequence connects the probe ends that, upon a perfect match with the 
target, are joined together by a ligase to produce a circularised structure. By 
including universal primer sequences and a generic tag in the linker se-
quence, the circularized probe can be selectively sorted out by resistance to 
exonuclease treatment followed by subsequent amplification and 
hybridisation to tag arrays [130]. To increase multiplexing, Hardenbol et al. 
took the padlock probe concept further and used a design of locus-specific 
padlocks, called molecular inversion probes (MIP). The MIP design princi-
ple is similar to allele-specific probes except that the MIP 3’-end is located 
one base adjacent to the SNP site and contains a cleavage site for release of 
the circularised probe after ligation. As the 3’-end is not allele-specific, only 
one probe per locus is required. Detection is performed by a DNA poly-
merase-based gap-fill extension followed by ligation. Using the MIP strat-
egy, 1000-plex and 10000-plex SNP assays have been performed [131, 132]. 
The circularised probes can also be used as targets in a rolling circle amplifi-
cation reaction to increase sensitivity [133-135]. 

An example of a commercially available assay which involves ligation is 
the SNPplex assay developed by Applied Biosystems based on OLA and 
size separation of ligated probes, first described by Grossman et al [136]. In 
this assay, 48 SNPs can be simultaneously detected in one reaction using 
capillary electrophoresis. Another example is the Golden Gate Assay devel-
oped by Illumina. This highly multiplexed SNP assay combines both primer 
extension and ligation prior to hybridisation to a tag bead array and can per-
form a 1563-plex SNP detection reaction from a starting input amount of 
250ng DNA.

Pyrosequencing
The basic principles and some applications of Pyrosequencing have been 

mentioned before. However, SNP analysis is the most commonly used appli-
cation of this method [137, 138]. The SNP assay has been used in a vast 
number of different studies including allele frequency determination in 
pooled DNA [139, 140], mutation detection in plants [141], identification of 
CYP2D6 alleles [142] and quantitative estimation of methylation status in 
CpG islands [143]. The design of the SNP primer a few bases upstream the 
polymorphic site, provides an additional confirmation of the primer anneal-
ing to the correct region and increases the accuracy. One disadvantage with 
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Pyrosequencing is the demand of careful primer design to avoid secondary 
structures, since the reactions are performed at 28°C. However, this problem 
can be solved by using single-stranded DNA-binding protein (SSB) [144, 
145]. High throughput can be obtained using the 96 or 384-well format, in 
which a whole plate is analysed in about 20 minutes, and can be increased 
further by simultaneous detection of several SNPs per well. 
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Present investigations 

Paper I
“Analysis of the mitochondrial genome in sudden infant death syndrome”.

Aim: To investigate the mitochondrial genome and its association to Sudden 
Infant death Syndrome. 

Sudden Infant Death Syndrome is one of the leading causes of death within 
the first year of life in Sweden. The syndrome lacks a natural history and is 
an exclusion diagnosis when no clear pathological findings can explain the 
death. Genetic inheritance or shared environmental risk factors may partly 
explain the observation that siblings to SIDS cases have a higher incidence 
of SIDS than in the general population [53]. Reports of mutations in the mi-
tochondrial genome, affecting proteins or protein synthesis and thereby 
ATP-production, have been associated with SIDS alone or in combination 
with mitochondrial disorders (Table 2). In a Norwegian study, the point mu-
tations T3290C, T3308C and T3308G were found in 4 of 158 SIDS victims, 
which were absent in the control group comprising 97 individuals [60]. The 
T3308C causes an amino acid substitution, and the T3308G results in a ter-
mination codon, both located in the NADH dehydrogenase 1 gene. The 
T3290C mutation is located in tRNA Leu UUR. In other studies, two substitu-
tions T8993G and T9176C, causing amino acid exchange in the ATPase 6 
subunit, were found in separate families with a history of Leigh syndrome 
and SIDS [52, 146]. The A3251G mutation, located in tRNALeu UUR, was 
found in 8 family members with mitochondrial myopathy and sudden unex-
pected death [147]. Finally, a mutation at nucleotide position A10044G, in 
the tRNAGly gene, has been found in a family with sudden unexpected death 
[148]. Polymorphisms that by themselves are not sufficient to case death 
might act as genetic predisposing factors that can increase the risk of death 
under certain environmental circumstances.  

Factors that contribute to respiratory disturbance, such as infections, 
smoking during or after pregnancy and sleeping in prone position, are some 
of the proposed risk factors for SIDS. Support for respiratory disturbances as 
a possible cause of SIDS has been observed in pathological investigations by 
increased levels of hypoxanthine (Hx), a degradation product of AMP, in the 
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vitreous humour of SIDS cases. These increased levels of Hx indicate ATP 
depletion as a result of oxygen deficiency. 

Table 2. mtDNA variants associated with SIDS and mitochondrial disorders.
mtDNA variant/ 
nucleotide position 

Gene/location  Diagnosis Reference 

A3251G tRNA Leu UUR T C loop mt myopathy/SIDS Sweeny 1993 [147]  
T3290C tRNA Leu UUR T C loop SIDS Opdal 1999 [60] 
C3303T tRNA Leu UUR T C loop SIDS Silvestri 1994 [149] 
T3308C ND 1 Met  Thr SIDS Opdal 1999 [60] 
T3308G ND 1 Met  stop SIDS Opdal 1999 [60] 
T8993C ATPase 6 Leu  Arg Leigh/SIDS Pastores 1994 [52] 
T9176C ATPase 6 Leu  Pro Leigh/SIDS Dionisi-Vici 1998 [146] 
A10044G tRNAGly T C loop SUDI Santorelli 1996 [148] 
mt myopathy = mitochondrial myopathy, SUDI = sudden unexpected death. 

Materials and methods
DNA was extracted from blood samples from six SIDS infants. In addition, 
38 formalin-fixed paraffin-embedded samples from heart and brain tissues 
were extracted from 14 additional SIDS cases. Based on previous reports of 
mtDNA mutations found in SIDS, an investigation of these 20 SIDS cases 
was conducted of which 10 were diagnosed as pure SIDS and 10 as border-
line SIDS. To screen for mutations, the entire mitochondrial genome was 
sequenced in 6 SIDS infants (5 pure, 1 borderline SIDS) using Dye PrimerTM

chemistry. The obtained sequences were compared to the revised Cambridge 
sequence [31, 32] and 14 European mtDNA genome sequences from control 
individuals. Based on the results of the first screening, two smaller regions 
of mtDNA, spanning nucleotide positions 11396-11596 and 12246-12446, 
were investigated in formalin-fixed heart tissue samples from 10 SIDS in-
fants and 138 Swedish control individuals. Furthermore, three shorter re-
gions located at the mitochondrial nucleotide positions 3148-3440, 8935-
9226, 9812-10145, where mutations associated with SIDS have been re-
ported, were sequenced in heart and brain tissues of 14 SIDS infants. The 
smaller fragments were sequenced using Dye TerminatorTM chemistry.  

Results and discussion 
Sequence analysis showed that three mtDNA substitutions comprising a 
haplogroup (A11467G, A12308G, and G12372A), were found in 4 of 16 
SIDS infants. All three mutations have been reported as normal polymor-
phisms although the A12308G has also been as associated with preeclampsia 
and abnormal pregnancies (e.g. miscarriages, preterm births and stillbirths) 
[150]. As these polymorphisms also were found in 36 out of 138 Swedish 
controls, no significant difference (p = 0.14, Fisher’s exact test) of the occur-
rence of this haplogroup was observed between SIDS infants and the control 
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group. Thus, our findings are most likely a reflection of normally occurring 
polymorphisms with a high frequency in the Swedish population. Reports of 
SIDS having an increased number of substitutions in the mtDNA HVI con-
trol region has been taken as an indication that SIDS victims have an overall 
higher substitution rate increasing the level of potentially harmful polymor-
phisms in the coding region. Our whole genome comparisons of 6 SIDS and 
14 European controls showed no difference between the two groups (Mann-
Whitney U-test, p = 0.8).  

Heteroplasmy has been shown to be more frequent in tissues with high 
metabolic demands such as the brain or the heart [36]. This could potentially 
have a serious effect on energy production. In the three shorter fragments 
(3148-3440, 8935-9226, 9812-10145) investigated in the heart and the brain 
tissues of the 14 SIDS victims, no signs of heteroplasmic mutations were 
found. Moreover, none of the reported mutations in tRNA Leucine 1 and 2 
[60, 148, 149], the ATP synthase 6 subunit [52, 146], and NADH dehydro-
genase 1 [60] were found in a total of 20 analysed SIDS infants. The absence 
of the reported mutations may well be explained by our small sample size as 
these mutations appear at low frequencies. Furthermore, the aetiology of 
SIDS is likely to be influenced by several different genetic components, 
which may include both nuclear and mitochondrial genes acting in concert 
with environmental factors. 

Paper II
“Forensic Casework Analysis Using the HVI/HVII mtDNA Linear 
Array Assay”.

Aim: To evaluate the use of the mtDNA HVI-HVII linear SSO array in rou-
tine analysis to reduce sequencing efforts and decrease the turnaround time 
of the complete casework analysis. 

Analysis of the hypervariable D-loop region in mitochondrial DNA has be-
come a useful tool in many forensic laboratories for casework analysis where 
the amount of DNA is limited. Although the discrimination power of an 
mtDNA analysis is substantially lower than the power obtained by analysing 
multiple unlinked nuclear markers, it is valuable in many cases. Analysis of 
mtDNA is time consuming and expensive, limitations that can be minimised 
using a faster and less expensive typing assay. During the last years, we have 
typed more than 300 casework samples using different versions of the linear 
arrays, which have served as a valuable tool for selecting samples for further 
sequence analysis. The first linear array contained probes for polymorphisms 
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in HVII region but the probe panel has recently been expanded with targets 
in the HVI region for additional discrimination.  

Materials and methods 
In order to evaluate the combined HVI-HVII mtDNA SSO probe assay, 90 
previously sequenced forensic samples comprising 16 caseworks were inves-
tigated. Based on available HVI-HVII sequence data, expected mtDNA 
probe patterns were compiled to estimate the exclusion capacity of the 
mtDNA linear array. Furthermore, expected probe patterns were confirmed 
by SSO typing of 33 samples in the study using two different versions of the 
HVI-HVII linear array. Successful typing was obtained for all but two sam-
ples and the detected polymorphisms were confirmed by previous sequence 
data. The sensitivity of the assay was tested by a real-time quantification 
assay [113]. 

Results and discussion 
The compilation of HVI/HVII data from the 16 caseworks showed that 56% 
(50/90) of the samples could be excluded using the HVI-HVII mtDNA linear 
array. Based on HVI/HVII sequencing, a total of 70% (63/90) of the samples 
were excluded. Thus, the SSO mtDNA probe panel could detect 79% (50/63) 
of the exclusions obtained by sequencing. The sensitivity of the linear arrays 
was investigated by typing a quantified dilution series of genomic DNA in 
input amounts of 1-10,000 mtDNA copies along with DNA from distal hair 
shaft parts. The result showed that clear and reliable results were obtained 
down to 100 mtDNA copies but interpretable results were also obtained for 
input amounts between 10-50 copies. As more than half the samples could 
be excluded (56%) using the HVI-HVII mtDNA linear array, the possibility 
to decrease sequencing efforts and therefore the turnaround time of the com-
plete casework analysis process was clearly demonstrated. The sensitivity 
testing also showed that this typing assay is suitable for mtDNA analysis of 
samples containing small amounts of DNA. 

Paper III 
“A DNA microarray system for forensic SNP analysis” .

Aim: To develop a microarray-based SNP assay based on minisequencing 
for analysis of forensic samples. 
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This study was conducted to explore the possibility of merging new technol-
ogy with newly discovered SNPs by using in-house equipment and an assay 
design suitable for analysis of forensic samples. While STR (Short Tandem 
Repeat) analysis is the golden standard used by forensic laboratories, this 
analysis may fail to produce successful results when samples contain de-
graded DNA in insufficient amounts. For this type of sample, the analyst is 
left with the less discriminating analysis of mitochondrial DNA, which is 
routinely performed by labour-intensive direct sequencing. In order to obtain 
a more discriminating system for challenging forensic samples, we have 
developed a microarray-based typing system for the combined analysis of 
mitochondrial and nuclear SNPs using a PCR design of short amplicons. The 
microarray contains 12 nuclear and 21 mitochondrial SNP markers, which 
are analysed simultaneously using a one-colour system based on minise-
quencing in solution and hybridisation to universal tag arrays. The mito-
chondrial markers cover polymorphisms within the hypervariable region as 
well as the coding region in order to increase the discrimination power of the 
mtDNA analysis. A combined analysis of autosomal and mitochondrial 
SNPs may have advantages over separate systems depending on the nature 
of the case. The analysis is rapid and more flexible in the sense that even if 
the amount of DNA in the sample is too small to detect a nuclear profile, 
mitochondrial typing may be successful. However, when the sample contains 
enough DNA to allow amplification of autosomal markers, a high discrimi-
nation can be achieved using a large set of independent markers. Including 
the mtDNA SNPs is also useful when information is requested regarding 
maternal relatedness.  

Materials and methods 
DNA from 19 Swedish control samples with available HVI/HVII sequence 
data were used in this study. Ten nuclear SNP markers were selected from 
HGVbase (http://www.hgvbase.cgb.ki.se) while two were obtained from an 
in-house study [151] and the literature [152]. The 21 mtDNA markers were 
selected from reports of polymorphisms in the literature [153-155]. The 
markers were covered by 20 PCR amplicons performed in single or duplex 
reactions. The minisequencing reactions were performed in solution using 
fluorescently TAMRA-labelled ddCTP or ddUTP. For each SNP, a minise-
quencing primer containing a tag sequence on the 5’-end, was designed to 
bind 20 bases upstream of the polymorphic site. The tag sequence in the 
minisequencing primer (zip address) has a complementary oligonucleotide 
sequence located in a specific area on the chip (zip code). The zip codes 
which serve as site locators on the array were designed based on the princi-
ple described by Gerry et al. [129]. Hybridisation arrays were obtained by 
covalent binding of zip codes onto slides with reactive aldehyde groups us-
ing the GMS 417 arrayer. The minisequencing reaction was thereafter 
performed in a reaction chamber on the slide for 1-2 h and the slides were 
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performed in a reaction chamber on the slide for 1-2 h and the slides were 
washed several times before reading the results using a 4-colour laser scan-
ner (ScanArray® 5000). Spots were quantified and the results were inter-
preted by the signal-to-noise ratio (S/N). S/N of  2 was interpreted as a true 
positive signal.  

Results and discussion 
Initial developmental testing was carried out to generate a functioning sys-
tem. These experiments included testing of different surface chemistries 
either produced in-house or purchased, different strategies for performing 
the minisequencing reactions including extension on-chip and in solution 
prior to hybridisation, evaluation of signal intensity generated from serial 
dilutions of fluorophores and their performance in experiments, and testing 
of different oligonucleotide concentrations spotted on the slide. These tests 
revealed that optimal results were obtained when using purchased silylated 
slides as in-house activation had a tendency to produce uneven surface cov-
erage. The on-chip extension may have advantages but was far less success-
ful in producing sufficient signal intensities for straightforward genotype 
scoring. The initial system was based on two-colour detection, as the goal 
was to perform the hybridisation in only one reaction. However, tests and 
evaluation of a one-colour system using TAMRA was chosen, as it reduced 
differences in intensity during detection compared to the use of different 
fluorophores. Tests to evaluate the increase in signal intensity using higher 
oligonucleotide concentrations (20-120 µM in increments of 20µM) showed 
almost a two-fold increase in signal for 60µM concentrations. Above this 
concentration, no essential gain in signal was obtained. Figure 4 shows the 
increase in intensity for 20, 40 and 60 µM oligonucleotide concentrations 
tested for three markers. 

Figure 4 Signal intensity generated from experiments using 20, 40 and 60 µM oli-
gonucleotide concentrations tested for three markers. 
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Base callings of the mtDNA markers were straightforward, with a few ex-
ceptions, using the threshold for a true positive signal. In most cases, the 
homozygous CC and TT genotypes were also unambiguously interpreted for 
the nuclear markers, with low signals from the background channel, showing 
a 1:4 or larger ratio between observed intensities. For heterozygous geno-
types a 1:1-1:3 fold ratio was observed between the C- and T channel. Table 
3 shows variability in signal intensity between markers and the ratio between 
C- and T channels indicating homozygous and heterozygous genotypes.  

Table 3. Genotyping of the 12 nuclear SNPs in two different samples. 
Marker S/N C S/N T S/N ratio Call

Ind 1
S/N C S/N T S/N ratio Call

Ind 2
24 25 3 8:1 CC 20 5 4:1 C

155 9 9 1:1 CT 10 10 1:1 CT
2397 8 2 4:1 CC 3 6 2:1 CT
2629 1 8 1:8 TT 9 1 9:1 CC
3288 7 6 1:1 CT 8 1 8:1 CC
3412 1 6 1:6 TT 7 7 1:1 CT
5175 6 0 6:1 CC 5 1 5:1 CC
8075 15 10 2:1 CT 6 0 6:1 CC
8093 7 6 1:1 CT 4 4 1:1 CT
8101 4 4 1:1 CT 3 4 1:1 CT
8102 3 3 1:1 CT 2 3 1:1 CT

XY 13 2 7:1 CC 8 7 1:1 CT
Bkg 0 0 1:1   0 0 1:1

A value of zero in the table resulting from negative intensities is treated as one. Marker 24 is located on 
the X-chromosome resulting in haploid detection for males, as seen in individual 2. 

The accuracy was determined to be 98% for both the nuclear and mtDNA 
markers with success rates of 93 and 94% respectively. Evaluations of the 
performance of the markers showed that some of the markers need to be 
redesigned or replaced as the signal intensity was considerably lower or had 
repeatedly shown incorrect base calling. The mtDNA part of the chip was 
also tested on samples from three previously analysed casework investiga-
tions and revealed identical results compared with sequence analysis. 
Though the system needs replacement or redesign of several markers to meet 
forensic standards, we demonstrate the possibility of parallel detection using 
microarray technology for SNP analysis that can be of benefit for degraded 
forensic samples.  
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Paper IV 
“Forensic analysis of autosomal STR markers using PyrosequencingTM”.

Aim: The objective with this study was to explore and design an STR Py-
rosequencing system that would serve as a complement to our current mito-
chondrial DNA analysis systems for limited and degraded casework sam-
ples.

10 STR loci (CSF1PO, THO1, TPOX, D3S1358, D5S818, D7S820, 
D8S1179, D13S317, D16S539, and Penta E) harbouring short repeat units 
with a limited allele spread were selected and a PCR assay was designed to 
amplify short fragments to facilitate the analysis of degraded samples. As 
analysis of these loci is the current standard in forensic DNA analysis, there 
is an advantage to use these markers when new technologies are explored for 
their potential use in forensic casework analysis. This enables profiles from 
evidentiary samples to be searched for matches in existing databases of con-
victed felons as well as extensive population databases. Compared to the 
commonly performed analysis using size separation of fluorescently labelled 
amplification products, the Pyrosequencing technology can offer a more 
reliable scoring of STR repeats due to the higher resolution and less interfer-
ence by PCR artefacts such as stutter or +A bands observed in gel-based 
methods. This detection platform thus represents a fast and flexible system 
for mutation detection, sequencing of short fragments, SNP and STR analy-
sis.

Materials and methods 
The 10 loci were analysed in blood samples from 114 Swedish blood donors. 
Pyrosequencing amplification primers were designed to amplify short frag-
ments between 66-170 bp. Each primer pair was located as close to the re-
peat unit as possible. Additional primer pairs used in the study of concor-
dance in respect to fragment analysis was obtained in-house or ordered using 
online published primer pairs (http://www.cstl.nist.gov/biotech/strbase) with 
the exception of marker Penta E for which redesigned primers were required. 
Allele frequencies were determined and observed and expected heterozygos-
ity values were tested for departures from HWE using the exact test.  

Results and discussion 
By using sequence-directed dispensation (nucleotide addition according to a 
reference sequence), a read length sufficient to be able to analyse the STR 
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loci was achieved. Genotype scoring using Pyrosequencing is based on the 
possibility to discriminate between alleles using a termination recognition 
base, which represents the first base in the downstream sequence that is not 
part of the repeat unit. As the nucleotide corresponding to the termination 
recognition base is not added to the reaction, further the extension will not 
take place. Thus, alleles of different sizes are resolved by the 50% decrease 
in signal in combination with the specific pattern that arises due to the down-
stream flanking sequence.  

Genotyping of 114 Swedish individuals showed allele frequencies in 
agreement with other European studies and no departure from HW propor-
tions were observed. The Pyrosequencing approach revealed additional 
variation both in flanking regions and within repeat motifs, some of which 
were not found in the literature. These include new allelic variants at the loci 
D3S1358, D8S1179 and D13S317, an SNP position at locus D7S820 and a 
deletion in the flanking region at locus D5S818. 

Comparison of results obtained by Pyrosequencing and fragment analysis 
showed a concordance rate of 99.8% (1132 /1134 genotypes), demonstrating 
a highly accurate assay. Sensitivity testing of serial dilutions of LCN 
amounts showed that interpretable pyrograms were obtained for all but three 
markers (CSF1PO, D3S1358 and D8S1179) down to 0.1 ng of DNA for 
single PCR reactions. The THO1 marker was also successfully analysed at 
input DNA amounts of 25 pg. For duplex reactions, the limit for successful 
results was approximately 0.5 ng of input DNA. Further tests were per-
formed on previously analysed casework samples. The highly sensitive loci 
TH01 and TPOX were successfully analysed in dandruff particles, cell de-
bris from watch, DNA from a fingerprint on a letter, and hairs. Analysis of 
DNA from inside a glove, a fake moustache and a wig was performed using 
all markers. Finally, the possibility to detect mixtures and to perform multi-
plex Pyrosequencing reactions was tested using a limited set of markers. 
Mixtures were readily detected down to 20:80 ratios for the marker Penta E 
but the possibility of detecting mixtures is dependent on the specific pyro-
gram pattern for a certain marker and will thus vary substantially between 
markers. Duplex Pyrosequencing reactions for combinations Penta E /TH01, 
TPOX/CSF and TPOX/D7S generated interpretable results.

Concluding remarks 
What will the future bring about in the forensic community? In the short 
term, innovations in detection platforms and SNP markers will continue and 
will probably be accepted as a complement system when STR analysis fails. 
The money and effort spent on constructing convicted felon and population 
genetics databases will maintain the status of STR analysis as the most im-
portant forensic tool. Clearly, multiple STR marker analysis is a very power-
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ful and discriminating system. Moreover, the desire to expand the utility of 
DNA analysis for different forensic applications will inevitably move for-
ward as its usefulness is demonstrated, despite the constraints of conserva-
tive forces. At this time, ongoing research is focused on finding new detec-
tion platforms for STR analysis, searching for useful autosomal SNP mark-
ers to assist in analysis of highly degraded samples for use in mass disasters 
and casework analysis, and development of Y-STR and SNP markers to 
assist in analysis of multiple source samples (e.g. in rape cases). Not only 
new detection methods and markers may be of benefit but also innovations 
in extraction methods to obtain increased amounts of DNA, or sampling 
methods for single source DNA selection for further testing. One elegant 
method tested in sexual assault caseworks is the micro laser dissection 
equipment that can cut out single sperms in mixed vaginal samples to avoid 
interference from female DNA.  

In the long term, the desire to speed up the identification or exclusion of a 
suspect has initiated efforts to identify genes responsible for phenotypic 
traits, which can be used to make inferences about physical appearance. Fur-
thermore, markers for prediction of biological ancestry can prove useful in 
cases with no suspects. For the time being, information can be obtained re-
garding gender, and to some extent hair, skin and eye colour as well as bio-
logical ancestry. The AMEL X/Y gene is routinely analysed in the standard-
ised STR-kits. However, there are only a few phenotypic traits that have 
been clearly linked to a genetic component. Some examples are the melano-
cortin receptor 1 (MCR1) in which certain mutations have been found to be 
associated with red hair [156] and the OCA2 gene associated with eye colour 
[157]. However, the interplay between multiple genes commonly seen in 
some phenotypic traits will complicate predictions about appearance. Re-
garding biological ancestry, as most of the variation between humans is 
found within populations rather than between populations, a prediction can 
only be made on a gross scale between the major worldwide populations 
using a large set of autosomal STR loci [158, 159].  

In a wide perspective, the use of DNA as a complement to traditional 
criminalistic investigation tools increases the probability of solving crimes 
and exonerating wrongfully convicted falsely accused suspects, which in-
creases the overall legal security in society. 
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