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ABSTRACT

Over recent years, requests for mtDNA
analysis in the field of forensic medicine
have notably increased, and the results of
such analyses have proved to be very useful
in forensic cases where nuclear DNA analy-
sis cannot be performed. Traditionally,
mtDNA has been analyzed by DNA se-
quencing of the two hypervariable regions,
HVI and HVII, in the D-loop. DNA se-
quence analysis using the conventional
Sanger sequencing is very robust but time
consuming and labor intensive. By contrast,
mtDNA analysis based on the pyrosequenc-
ing technology provides fast and accurate
results from the human mtDNA present in
many types of evidence materials in forensic
casework. The assay has been developed to
determine polymorphic sites in the mito-
chondrial D-loop as well as the coding re-
gion to further increase the discrimination
power of mtDNA analysis. The pyrose-
quencing technology for analysis of mtDNA
polymorphisms has been tested with regard
to sensitivity, reproducibility, and success
rate when applied to control samples and
actual casework materials. The results
show that the method is very accurate and
sensitive; the results are easily interpreted
and provide a high success rate on case-
work samples. The panel of pyrosequencing
reactions for the mtDNA polymorphisms
were chosen to result in an optimal discrim-
ination power in relation to the number of
bases determined.

INTRODUCTION

In recent years, rapid developments
in the area of molecular genetics have
made it possible to perform DNA
analysis on materials such as blood-
stains, semen stains, and other biologi-
cal materials as evidence in forensic
casework (5,21). The sensitivity of the
PCR method has even made it possible
to analyze very old and degraded DNA
material (10,13,19). Moreover, the abil-
ity to analyze DNA by PCR has made it
possible to type a wider range of bio-
logical material found at the scene of a
crime. Saliva stains, teeth, skeletal re-
mains, shed hairs (4,11,12), skin cells
(15), and fingerprints (30) on various
items are frequently used as evidence
materials today. In fact, a majority of
the evidence materials found at a crime
scene contains sufficient amounts of
DNA for genetic analysis.

Most of the laboratories worldwide
that perform routine casework analysis
have focused on fragment size analysis
of multiplex short tandem repeat (STR)
loci. The STR analysis is highly dis-
criminating and well established as a
routine forensic diagnostic tool. The
large National DNA databases with
STR profiles from crime scene materi-
als and convicted felons provide a ma-
jor advantage in nuclear DNA analysis.
However, there are several evidence
samples where the nuclear DNA is too
scarce to perform a multi-locus STR
analysis. In these cases, mtDNA can of-
ten be used as an alternative genetic
source because of the high number of
copies per cell. Sequencing of mtDNA
has proven very useful for criminal in-
vestigations where the evidence materi-
als have been in very small amounts or
severely degraded, such as in hair
shafts and bones (3). In routine mtDNA
analysis, HVI and HVII, the two most
hypervariable regions of the control re-

gion (the D-loop), are sequenced. The
method has proven to be extremely sen-
sitive, with the potential to amplify and
sequence 30 fg DNA or approximately
10 mtDNA molecules (3). This analysis
has been tested and further evaluated
on a variety of materials containing
minute amounts of DNA in our labora-
tory. Items such as shed hair, jewelery,
spectacles, shoes, clothes, wigs, fake
moustaches, baseball caps, and cellular
phones are often found at crime scenes,
and the DNA analysis of these materi-
als has proven very valuable in forensic
investigations. A major drawback of
using conventional sequencing (28) of
the D-loop is the time consuming pro-
cedure. For example, a case with 4–6
samples may take several weeks to
complete because several tests have to
be performed sequentially from each
sample to safeguard results.

The extended variation in mtDNA
among individuals has been studied for
forensic analysis using mainly Sanger
sequencing. Sanger sequencing analysis
is an elegant but labor-intensive method
involving multiple steps and an elec-
trophoretic slab-gel separation of DNA
fragments. Methods that are less labor
intensive have been developed, such as
sequence-specific oligonucleotide
(SSO) analysis hybridization (29),
minisequencing (16), and immobilized
SSO probes (22). These methods are
easy to perform in a few hours, but their
discrimination power is substantially
lower in comparison with a sequence
analysis. These systems are designed
for analysis of 12 to 23 of the most
polymorphic sites in the mtDNA D-
loop rather than the full sequence result-
ing in a lower probability of a random
match. Consequently, these systems are
used mostly for pre-screening to ex-
clude mtDNA identity between sam-
ples. Whenever the pre-screening analy-
sis indicates an mtDNA match between
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two samples, a complete sequence
analysis is used to further confirm the
identity between the samples. With the
development of the rapid high-through-
put technologies for genetic analysis
such as DNA microarrays and pyrose-
quencing, alternative methods for foren-
sic identification are emerging (20,27).

Pyrosequencing was first devel-
oped for expressed sequence tag se-
quencing and sequencing of short
stretches of DNA but has mainly been
used for detection of known single-nu-
cleotide polymorphisms (SNPs) (17,24,
27). In comparison to many other tech-
niques for SNP analysis, pyrosequenc-
ing is very quick, robust, easy to use,
and has a high-throughput capability
(2,24). The actual SNP genotyping re-
action of 96 samples is performed in
less than 10 min (1). Pyrosequencing is
a non-electrophoretic single-tube DNA
sequencing method that uses an en-
zyme cascade system to monitor DNA
synthesis. The technology is based on
the detection of released pyrophosphate
(PPI) during DNA synthesis (24–26).
Nucleotides are added one at a time to
the reaction, and if the nucleotide is in-
corporated, pyrophosphate is released
and converted to ATP by ATP-sulfury-
lase. Luciferase uses the ATP to gener-
ate detectable light. The amount of
light generated is proportional to the
number of nucleotides incorporated. If
the added nucleotide does not form a
base pair to the DNA template, then the
polymerase will not incorporate it and
no light will be produced. Instead, the
nucleotide will be degraded rapidly by
apyrase. The addition of successive
rounds of nucleotides and the detection
of emitted light are performed in an au-
tomated instrument. This new method
for the detection of known SNPs or
short DNA sequences is gaining wide-
spread use in many areas. 

The turnaround time for the forensic
analysis of mtDNA can be reduced sub-
stantially using pyrosequencing to de-
termine the mtDNA sequence. Further
developments in pyrosequencing tech-
nology [sequence analysis (SQA)] have
made it possible to easily determine
short stretches (50–100 nucleotides) of
a DNA sequence. Sequence analysis
has proven to be successful on frag-
ments up to 109 bp of the p53 gene in
one single pyrosequencing reaction (9).

Even though the analysis still has to be
repeated several times, the total analysis
time can be reduced from several weeks
to a few days. This will allow the use of
an mtDNA analysis during the first im-
portant days of a criminal investigation.

Although the discrimination power is
far from what can be obtained when an-
alyzing multiplex nuclear markers, D-
loop analysis provides a very useful tool
for the DNA analysis of limited DNA
samples. A way to increase the discrimi-
nation power of forensic mtDNA analy-
sis is to analyze polymorphisms in the
coding region in addition to the D-loop
region. There is a lack of completely an-
alyzed mitochondrial genomes submit-
ted to public databases that can be used
to select informative SNPs. Therefore, a
database of completely sequenced mito-
chondrial genomes from 26 individuals
of Swedish origin has been established.

This pyrosequencing assay, devel-
oped for forensic mtDNA determina-
tion, is based on the analysis of 13 PCR
fragments, covering the most informa-
tive sites in the entire mitochondrial
genome. The system relies on the
analysis of a total of 19 pyrosequencing
reactions, 4 HVI, 4 HVII, and 11 cod-
ing region reactions. This will allow the
analysis of the most discriminating re-
gions of the entire mtDNA genome for
forensic identification using a PSQ
96 System (Pyrosequencing AB, Upp-
sala, Sweden). A forensic typing assay
enabling the analysis of the D-loop and
parts of the mitochondrial coding re-
gion is suitable for the routine analysis
of a wide range of forensic materials
with limited and degraded DNA. More-
over, the turnaround time is shorter and
the discrimination power is higher in
comparison to conventional D-loop se-
quencing alone.

MATERIALS AND METHODS

DNA Preparations

Human DNA was extracted from pe-
ripheral blood lymphocytes of 190
Swedish blood donors to serve as con-
trol samples. The forensic evidence ma-
terials were purified by one of three
methods. The Wizard® Genomic DNA
Extraction Kit (Promega, Madison, WI,
USA) was used to extract DNA from

most of the evidence materials collected
by cotton swabs and blood. Chelex®

100 (Bio-Rad Laboratories, Hercules,
CA, USA) was used to extract DNA
from bloodstains. This method was de-
veloped for extracting DNA from foren-
sic samples (32). Hair samples were ex-
tracted using an extraction procedure
based on proteinase K and DTT (31).

Primer Design and PCR

The software Primer Express (Ap-
plied Biosystems, Foster City, CA,
USA) was used for PCR and sequence
primer design. An optimal target selec-
tion was made to cover most of the infor-
mative polymorphism in the D-loop. On
the basis of the determined heterogene-
ity in the Swedish and other populations
(14), a number of informative regions
outside the D-loop were chosen for
analysis in addition to the D-loop. These
regions are highly polymorphic, with
SNP frequencies in a range between
0.15 and 0.50, serving as suitable mt-
DNA markers for forensic identification. 

HVI and HVII were PCR amplified
in two separate reactions. Each of the
two templates was analyzed using four
sequencing primers per fragment, in-
cluding the forward PCR primer. A
large number of the polymorphisms in
the D-loop will be determined based on
these eight short overlapping se-
quences. The coding region fragments
were amplified in 11 separate reactions,
followed by analysis in 11 pyrose-
quencing reactions using the forward
PCR primer as sequencing primer.
Each of the regions outside the D-loop
contains from two to eight polymorphic
sites within the range of nucleotides (50
nucleotides) that can be read by the
SQA reaction. Control-sample PCRs
contain 1.5 µL DNA, 200 nM of each
primer (Table 1), 200 µM of each
dNTP, 1.5 mM MgCl2, 2 U AmpliTaq
Gold® DNA polymerase, and 1× Gene-
Amp® PCR Buffer II (Applied Biosys-
tems) in a total volume of 70 µL. PCR
amplifications for the forensic materi-
als contain 10 µL DNA, 200 nM of
each primer, 200 µM of each dNTP, 2.4
mM MgCl2, 10 U AmpliTaq Gold
DNA polymerase, 1.2× GeneAmp PCR
Buffer II, 0.16 mg/mL BSA, and 10%
glycerol in a total volume of 100 µL.
The amplifications were performed in a
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GeneAmp PCR System 9600 (Applied
Biosystems). The samples were kept
for 10 min at 95°C, followed by 40 cy-
cles of 30 s at 95°C, 45 s at 60°C (53°C
for the coding region primers), 60 s at
72°C, with a final extension step for 7
min at 72°C.

Template Preparation and
Pyrosequencing Reaction

Streptavidin-coated beads were used
as a solid-phase support to obtain sin-
gle-stranded biotinylated PCR products,
as described by Pyrosequencing AB.

When necessary, 440 ng Single-Strand-
ed DNA Binding Protein® (SSB)
(Amersham Pharmacia Biotech AB,
Uppsala, Sweden) were added to the
primed DNA template before pyrose-
quencing (23). The sequencing was per-
formed at room temperature, and 15 µL
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Primer PCR Sequence Tm Dispensation SSB
Namea Primer Primer (°C) Sequence (5′→3′) Order Required

II 45 X X 55.6 ATGCATTTGGTATTTTCGTCTG TCGA

II 111 X 48.2 ACCCTATGTCGCAGTATCT TCGA

II 162 X 54.4 CGCACCTACGTTCAATATTACA CTGA

II 216 X 48.3 TTAATGCTTGTAGGACATAATAA CTGA

II 287 B X 55.6 TTGTTATGATGTCTGTGTGGAAAG

C 431 X X 53.6 CACCCCCCAACTAACACA ACGT

C 637 B X 53.1 GTGATGTGAGCCCGTCTAA

C 2988 X X 51.8 CGATGTTGGATCAGGACA ACGT

C 3216 B X 52.4 GGGTGGGTGTGGGTATAA

C 3403 X X 56.8 CTACGCAAAGGCCCCAA CAGT X

C 3641 B X 56 GCTAGGCTAGAGGTGGCTAGAA

C 4156 X X 52.5 CAACTCATACACCTCCTATGAAA ACGT

C 4367 B X 52.6 TTGGATTCTCAGGGATGG

C 4882 X X 49 CCATCTCAATCATATACCAAA ATGC

C 5138 B X 50 GGAGTTTAAGTTGAGTAGTAGGAA

C 8665 X X 52 CAATGACTAATCAAACTAACCTCA ATGC

C 8803 B X 51.1 TAAATGAGTGAGGCAGGAGT

C 12346 X X 47.9 CACACTACTATAACCACCCTAA ACGT X

C 12541 B X 49.1 CTCAGTGTCAGTTCGAGATAA

C 12673 X X 45.7 AACATTAATCAGTTCTTCAAA ACGT X

C 12861 B X 46.7 GTTGTATAGGATTGCTTGAA

C 14747 X X 53.4 ATGACCCCAATACGCAAA ACGT X

C 14949 B X 54.1 TGGGCGATTGATGAAAAG

C 15883 X X 50.2 GGCCTGTCCTTGTAGTATAAA ACGT

C 16083 B X 52 GGTTGTTGATGGGTGAGTC

C 16496 X X 48.5 GACATCTGGTTCCTACTTCA ACGT X

C149 B X 47.7 ATGAGGCAGGAATCAAA

I 16105 X X 55.4 TGCCAGCCACCATGAATA CTGA X

I 16168 X 50.3 CCAATCCACATCAAAACC CTGA X

I 16203 X 45.7 AGCAAGTACAGCAATCAA CTGA

I 16266 X 47.3 CCCACTAGGATACCAACA CTGA

I 16348 B X 55.6 GACTGTAATGTGCTATGTACGGTAAA

aI, HVI; II, HVII; C, coding region; B, biotin-labeled reverse primer.

Table 1. PCR and Sequencing Primers



of the PCR were used with 400 nM se-
quence primer. Enzyme and substrate
(prototype of PSQ 96 SQA Reagent
Kit) were added to all samples in a PSQ
96 System with a prototype of PSQ 96
SQA Software (sample entry, instru-
ment control, and evaluation). The pro-
cedure was carried out by stepwise
elongation of the primer strand during
the sequential dispensation of different
dNTPs (AαS, C, G, and T), followed by
the degradation of the nucleotides. Op-
timal cyclic dispensation orders were
chosen for each fragment. Some se-
quences required manual editing be-
cause of incorrect base calling by the
SQA software when scoring homopoly-
meric peaks before alignment to the An-
derson et al. (6) reference sequence. For
comparison, control samples were se-
quenced using an ABI PRISM® 377 in-
strument and BigDye Terminator
chemistry (Applied Biosystems).

RESULTS

The analysis of the mitochondrial
D-loop was performed using two sepa-
rate PCR fragments. The HVI and
HVII fragments were analyzed in eight
separate pyrosequencing reactions. To
evaluate the pyrosequencing technolo-
gy in forensic analysis, a number of
control samples were analyzed. In total,
190 samples were analyzed for HVII,
120 samples were analyzed for HVI,
and, finally, 50 forensic evidence mate-
rials were analyzed for HVII. The re-
sults have been compared with D-loop
sequencing data from these individuals. 

The pyrosequencing of the HVII re-
actions yielded a read length of more
than 30 nucleotides in the sequence
analysis of the control samples without
manual editing and more than 50 nu-
cleotides in general after editing.
Among control samples and evidence
materials, the HVII sequencing reac-
tions could be read satisfactorily with-
out any further optimization. The HVI
reactions required further optimization
to reduce the background and extend
the read length. The addition of the SSB
to the HVI reactions extended the read
length up to 27 nucleotides before edit-
ing and 50 nucleotides in general after
editing (Table 2). The longest read
length, 71 nucleotides, was obtained

when analyzing the HVII reaction II
162. The shortest read lengths, 45 nu-
cleotides after editing, were seen in the
HVII 216 and HVI 16105 reactions
(Table 2). Some of the reactions show a
large difference in the number of nu-
cleotides that can be read before and af-
ter editing. The difference is due to
problems with reading the number of
incorporated nucleotides in the ho-
mopolymeric regions. This creates a
frame shift in comparison with the ref-
erence sequence but can easily be over-
come by manually editing the sequence.
The inherent problem to sequence
through homopolymeric regions has
been shown to be reduced by the addi-
tion of SSB in the pyrosequencing reac-
tion. The use of SSB results in longer
read lengths, increased signal intensity,
and more accurate base-calls in ho-
mopolymeric regions (23).

The results of the eight HVI and
HVII pyrosequencing analyses were
aligned and compared with the refer-
ence D-loop sequence to evaluate the
coverage in the specific region. Approx-
imately 69% (153/222 nucleotides) of
the HVII region was covered before
editing and 95% (211/222 nucleotides)
after editing of the sequences. Similarly,
42% (96/226 nucleotides) of the HVI
region was covered before editing and
82% (185/226 nucleotides) after edit-
ing. However, the lack of complete cov-
erage will only result in the exclusion of
three known polymorphic sites for HVII
within the 222 nucleotides in this analy-
sis. These polymorphisms are not very
common among our Swedish control
samples, showing a frequency of 1/355
individuals for two of the polymor-
phisms and 8/355 for the third polymor-
phism. After editing the sequence, 84%
of the HVI region was covered. This re-
sults in a loss of nine polymorphic sites
in the analysis. These polymorphisms
are somewhat more common than the
uncovered sites in HVII among our con-
trol samples (ranging from 1/318 to
31/318). All HVII and HVI sequences,
from both control samples and evidence
material, could be confirmed to 100%
(120/120 individuals) when compared
with data from previous termination se-
quencing of the D-loop.

Pyrosequencing was further used to
sequence 11 mtDNA coding regions in
36 previously sequenced control sam-

ples. The 11 regions were chosen to
cover the most informative sites
throughout the entire mitochondrial
genome using the available complete
mtDNA sequences. The results ob-
tained using pyrosequencing were
100% identical to those obtained by the
Sanger sequencing method. Also here,
some of the reactions required the use
of SSB to obtain longer read lengths
(Table 3). The analysis of the coding re-
gion yielded 12 to 39 nucleotides before
editing and generally 50 to 60 nu-
cleotides after editing. The addition of
SSB improved the read length for some
fragments and reduced the background
signal for other fragments. The longest
read length was obtained in the analysis
of fragment C 12346, where 67 nu-
cleotides could be read. The shortest
read length was seen for the fragment C
431, where only 31 nucleotides could
be read. In addition, the fragment C
8665 revealed only 35 nucleotides in the
analysis (Table 3). However, this frag-
ment was analyzed, limiting the number
of dispensations to 60, in contrast to the
96 that were normally used. Allowing
96 dispensations for this fragment will
probably extend the read length up to 20
additional bases. In the pyrosequencing
analysis of all coding region fragments,
there were a total of 20 different SNPs
detected among 36 individuals. Each
coding region fragment was found to
contain between 0 and 4 different SNPs
(Table 3). Among all SNPs five (in four
different fragments) were detected in
frequencies between 19% and 50%.

To evaluate the system on limited
amounts of DNA, 50 actual casework
samples previously studied by termina-
tion sequencing were analyzed by
pyrosequencing. Among the evidence
materials analyzed using pyrosequenc-
ing were robber hoods, wigs, mous-
taches, shoes, mobile phones, watches,
knives, guns, and fingerprints. In addi-
tion, saliva from very old letters (1953)
and paraffin-embedded tissue were an-
alyzed. Results using pyrosequencing
on the forensic samples were complete-
ly comparable with the results obtained
using termination sequencing. Pyrose-
quencing of HVII yielded, on average,
more than 30 nucleotides in the analy-
sis of the old evidence materials with-
out manual editing and more than 50
nucleotides after editing. 
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Furthermore, pyrosequencing analy-
sis was used in a forensic case (Figures
1 and 2, and Table 4). The case in-
volved the brutal murder of an elderly
woman. During the investigation, two
shed hairs were found on the victim.
Analysis of the two hairs showed that
neither of the hairs could have come
from the suspect.

DISCUSSION

There is a strong need to establish
efficient technology platforms in the
area of forensic analysis to meet the re-
quirement for the rapid and reliable
identification of the origin of diverse
biological materials. The described
analysis of mtDNA for identification
purposes based on pyrosequencing
technology meets these requirements.
Pyrosequencing has proven to be suc-
cessful for the sequence analysis of the
two PCR fragments covering the two
highly informative HVI and HVII re-
gions of the D-loop and several regions

outside the D-loop. A large number of
blood donor samples and forensic evi-
dence samples have successfully been
analyzed. Most of the pyrosequencing
reactions read routinely between 40
and 50 bp with high accuracy. 

Combining the results of the eight
HVI and HVII pyrosequencing reac-
tions altogether cover approximately
56% (249/448 nucleotides) before edit-
ing and 88% (396/448 nucleotides) af-
ter manual editing of the PCR frag-
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Maximum Read Read 
Fragment/ Read Length Nucleotides Nucleotides
Primer (Nucleotides) Before Editing After Editing

II 45 57 45 57

II 111 65 32 63

II 162 71 43 69

II 216 47 33 45

I 16105 50 25 45

I 16168 50 27 50

I 16203 54 22 53

I 16266 53 22 52

An average estimation based on the analysis of 96 individuals.

Table 2. Number of Read Nucleotides in Sequence Analysis of the D-Loop Region in the Control
Samples 

Figure 1. Results from pyrosequencing analysis of evidence materials in casework. (A) Polymorphisms revealed at nucleotides 146, 150, and 152. (B) Poly-
morphisms revealed at nucleotides 16223, 16224, and 16231.



ments. Complete Sanger sequencing of
the D-loop is usually done on a 359-bp
HVII fragment and a 403-bp HVI frag-
ment using the primer pairs L048/H408
and L15997/R16401 (33). The pyrose-
quencing assay will, as designed here,
cover 62% (222/359 nucleotides) of the
HVII fragment determined by sequenc-
ing and 56% (226/403 nucleotides) of
the HVI fragment determined by se-
quencing. In total, this gives 59% cov-
erage (448/762) of the D-loop deter-
mined by conventional sequencing.
Although the coverage is less for the
pyrosequencing assay in comparison to
conventional Sanger sequencing, the
majority of the polymorphisms found
in our Swedish database are located
within the area studied by pyrose-
quencing (nucleotides 66–287 and
16123–16348). The analysis of the HVI
region resulted in a few positions with-
in this area not covered by the pyrose-
quencing reactions. The most common
of them (31/318) might be covered by
one of the sequencing primers if the
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Fragment/ SNPs per Fragmenta Before After SNPs Detected
Primer Swb/ Ingman et al.c Editing Editing by Pyrosequencing

C 431 4/4 12 31 2

C 2988 1/1 29 64 1

C 3403 3/1 24 59 -

C 4156 2/1 17 53 2

C 4882 2/- 39 56 1

C 8665 3/1 10 35d 2

C 12346 2/1 27 67 1

C 12673 2/1 38 66 2

C 14747 3/3 21 60 3

C 15883 5/4 31 65 4

C 16496 2/3 27 62 2

The read length is an average estimate in 36 samples.
aNumber of SNPs found within 50 bp from forward primer.
bTwenty whole mitochondrial DNA-sequenced control samples from individuals
of Swedish origin.

cFifty-three whole mitochondrial DNA-sequenced control samples from individu-
als in other populations (14).

dAverage value is based on 60 dispensations instead of 96.

Table 3. Number of Read Nucleotides in Sequence Analysis of the Coding Regions in the Control
Samples

Primer Nucleotide Evidence Reference 
Name Positiona Hair 1 Hair 2 Victim Suspect

II 45 73        (A) G G G G

II 111 146      (T) T C C C
150      (C) T C C C
152      (T) C C C T

II 162 195      (T) C T T T

II 216 263      (A) G G G G

C 12346 12372  (G) A A A G

C 12672 12705  (C) C C C T

C 16496 16519  (T) T Not determined C C

I 16105 16126  (T) C T T T
16145  (G) A G G G

I 16168 16189  (T) T T T C

I 16203 16223  (C) C C C T
16224  (T) T C C T
16231  (T) C T T T
16261  (C) Not determined C C T

I 16266 16311  (T) T C C C
16319  (G) G G G A

An identical mtDNA type was seen between Hair 2 and the victim, while Hair 1
and the suspect have unique mtDNA types.
aAnderson et al. (6) reference sequence within brackets.

Table 4. Results from the Analysis of Forensic Evidence Materials in a Forensic Investigation
Using Pyrosequencing



system is optimized further. Also, a re-
design of some of the sequencing
primers might solve this problem. Fur-
ther, the coding region fragments were
analyzed with high accuracy in the
analysis of control samples. All frag-
ments were read between 31 and 67 nu-
cleotides after editing, and the majority
of the fragments could routinely be
read over 50 nucleotides. Overall, 20
different SNPs were detected within the
11 coding region fragments, of which
some were very frequent.

Different cyclic dispensation orders
of dNTPs were found to be suitable for
different regions (Table 1). The read
lengths were extended and the back-
ground was reduced by choosing opti-
mal dispensation orders. A manually
programmed dispensation order adapt-
ed to the analyzed sequence can in-
crease the read length even further. This
is done by entering the order of the nu-
cleotides expected from the reference
sequence with additional nucleotides in
positions where polymorphisms are
likely to occur (9).

An important issue in forensic analy-

sis based on the analysis of mtDNA is
heteroplasmy (8). Although heteroplas-
my is relatively rare, misinterpretations
can be made if appropriate precautions
are not taken (7). A major advantage in
the analysis of heteroplasmy and DNA
mixtures is the ability to quantify spe-
cific amounts of the two separate DNA
types in a sample. An assay based on
pyrosequencing has been used to quan-
tify virus copy number in the presence
of a competitor (18). Moreover, pyrose-
quencing has been used to determine
population frequencies for SNPs in
large pools of samples (Application
note; http://www.pyrosequencing.com/
pages/applications.html). Although the
technology has been used for quantifi-
cation purposes previously, further in-
vestigations are necessary to evaluate
pyrosequencing on heteroplasmic and
mixed forensic samples.

In cases where the mtDNA type
found in the evidence materials matches
the mtDNA type of a suspect, it is nec-
essary to estimate the frequency distrib-
ution of that particular mtDNA se-
quence in the relevant population. A

database of complete D-loop sequences
from 350 Swedish individuals has been
established. Furthermore, the frequency
of the informative sites in the coding re-
gions will be determined in the Swedish
population. Here, the pyrosequencing
method can be used for a rapid genera-
tion of reference databases. The estima-
tion of the heterogeneity in the coding
region among the 350 control individu-
als will further be used to optimize the
assay. The eight most informative re-
gions in the coding region will be cho-
sen for analysis in routine forensic case-
work. Thus, a complete analysis will
include 16 pyrosequencing reactions,
eight reactions for the D-loop and eight
reactions for the coding region.

A major problem in forensic analysis
is the limited amount of DNA available,
and it is therefore preferable to limit the
number of reactions to a minimum.
Forensic material is also very often de-
graded and may contain inhibitors that
will lower the efficiency of the reaction.
In view of this, a multiplex PCR system
is under development. The analysis will
be performed on the products from two
to three multiplex PCRs rather than 13
separate reactions. The pyrosequencing
assay for mtDNA analysis is very flexi-
ble, and other polymorphic markers
suitable for forensic analysis can easily
be added in the future. Such additional
markers can include mitochondrial or
nuclear markers, either as single SNPs
or sets of SNPs within a short stretch of
DNA. To a large extent, this assay can
be used instead of the conventional
Sanger sequence analysis in forensic in-
vestigations, and the high sensitivity
makes it well suited for the analysis of
most of the evidence samples found at
crime scenes. In addition, one or several
pyrosequencing reactions can be used to
pre-screen samples to reduce the num-
ber of samples that require a full se-
quence analysis to a minimum. Gener-
ally, mtDNA analysis is employed
mainly in severe, violent forensic cases.
Further developments of the mtDNA
analysis may stimulate the use of this
method in other categories of cases as
well. The technology can, to a large ex-
tent, be automated and may in the future
be developed into a fully automated sys-
tem that minimizes the errors caused by
sample mix-ups or pipetting variation.

In conclusion, the pyrosequencing
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Figure 2. Alignment of pyrosequencing results for three of the reactions in a forensic case. Comparison
is done using SQA Software to evaluate the pyrosequencing analysis. F1, C1, D1 = hair 1; F2, C2, D2 = hair
2; F3, C3, D3 = the victim; and F4, C4, D4 = the suspect. Master sequence = Anderson et al. (6) reference
sequence. (A) Nucleotides 146, 150, and 152 are showing differences. (B) Nucleotides 16223, 16224,
16231, and 16261 are showing differences. (C) Nucleotides 16311 and 16319 are showing differences.



assay for sequence analysis of the most
informative sites in the entire mitochon-
drial genome is well suited for forensic
DNA analysis. The final system will be
based on the analysis of a total of 16 py-
rosequencing reactions to determine the
polymorphisms in the D-loop and cod-
ing region allowing analysis of six sam-
ples in a 96-well system or 24 samples
in a 384-well system simultaneously.
Even if the analysis of the casework
samples has to be performed at two in-
dependent occasions to exclude errors
introduced by the operator or proce-
dure, the analysis time can be reduced
substantially from several weeks to a
few days using pyrosequencing as com-
pared to alternative methods. Thus, the
mtDNA pyrosequencing analysis is
much faster than the traditional se-
quencing of mtDNA performed today
while still retaining a comparable reso-
lution of the existing sequence poly-
morphism. In addition, the ability to an-
alyze polymorphisms in the coding
region may increase the discrimination
power in casework analysis.
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