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Abstract

The European DNA profiling group (EDNAP) mtDNA population database (EMPOP) is an international collaborative project between DNA
laboratories performing mtDNA analysis and the DNA laboratory of the Institute of Legal Medicine (GMI) in Innsbruck, Austria. The goal is to set
up a directly accessible mtDNA population database, which can be used in routine forensic casework for frequency investigations. Here we
describe a safe laboratory scheme involving electronical data handling and computer-aided data transfer, which help to minimize errors originating
from potential sample mix-up, data misinterpretation and incorrect transcription. The procedure is demonstrated by example of an mtDNA control
region population study on 273 unrelated individuals from Austria. Our population sample was compared with five other European populations via
an analysis of molecular variance (AMOVA). The inclusion of regions outside HVS-I and HVS-II increased the amount of information on the
haplogroup diagnostic sites in the control region. Most of the haplotypes in Austrians fell into haplogroups H, J, K, T, and U. The random match

probability in Austrians was 1:125; the average number of nucleotide differences between individuals in the Austrian database was 9.32.
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1. Introduction

Forensic molecular biology takes advantage of the high copy
number of mitochondrial DNA (mtDNA) molecules in a cell,
and meanwhile, mtDNA typing has become routine in its
application to analyze samples where the amount of genomic
DNA is very small or degraded. Because of the lack of
recombination, mtDNA profiles are not unique but regarded as
haplotypes. When an mtDNA haplotype derived from an
evidence sample cannot be discriminated from the one of a
reference sample (e.g. from the suspect), its relative rarity can
be estimated by comparing it to a collection of mtDNA
sequences — usually assembled in databases — in order to
support assessment of the weight to the evidence [1].

Some of the published mtDNA data have faced severe
criticism in the past, as an unacceptable high rate of errors was
detected therein (e.g. [2—4]). Although good laboratory practice
guidelines have been published [5,6], problems still occur in the
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course of mtDNA data generation. Sources of these errors are
meanwhile well known and have been described in some detail
[2,7,8], however, the amplification and sequencing process as
well as a posteriori data control and transfer of haplotypes still
bear shortcomings which result in erroneous data.

We here present in detail a reliable laboratory concept for
mtDNA typing based on the generation of redundant sequence
information for unequivocal base-assignment, independent
double data evaluation, and IT-based (manual-free) comparison
and transfer of results. This newly developed strategy is
showcased on 273 Austrian mtDNA control region sequences.
The thus created population data will be incorporated in the
EMPOP database (http://www.empop.org/) [7,9].

2. Materials and methods
2.1. DNA samples and extraction
DNA was extracted from blood samples obtained from 273

unrelated West-Eurasians from Austria using Chelex 100 as
outlined in [10].
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2.2. Amplification and sequencing of the entire mtDNA
control region

In order to facilitate efficient sequencing of the mitochon-
drial DNA control region, a 96-well method of processing
population samples was developed independently by two
laboratories: AFDIL, Rockville, USA [11-13] and GMI
Innsbruck, Austria [14]. In the latter aliquots of DNA extracts
were dispensed in 96-well plates; four negative control
samples were assayed per plate. For amplification, to each
well of a MicroAmp Optical 96-well reaction plate (AB),
18 wl of PCR master mix containing 1.0 unit of AmpliTAQ
Gold polymerase (AB, Foster City, CA), 1.0 unit of PCR
reaction buffer (AB), 200 wuM each dNTP (AB), and 0.5 pM
each primer (L15900 and HO0599) were dispensed. Then 2 pl
DNA extract were put into the PCR master mix with a
multichannel pipette. The amplification reaction was con-
ducted on a thermal cycler (e.g. 9600/9700 GeneAmp
Thermal Cycler; AB). The reaction cocktails were heated
to 95 °C (11 min) and then put through 35 reaction cycles:
95 °Cfor 15 s, 56 °C for 30 s and 72 °C for 90 s, followed by a
final extension phase at 72 °C for 10 min. PCR primers and
unincorporated dNTPs were removed by adding 8 wl of
ExoSAP-IT (USB, Cleveland, OH) with a repeater pipette
(Eppendorf Multipette; Hamburg, Germany) and heating the
samples to 37 °C (15 min) for enzyme activation and then to
80 °C (15 min) for enzyme deactivation. Subsequently, 2 wl of
purified PCR product were combined with the sequencing
master mix (containing 2 pl BigDye Terminator v1.1 Cycle
Sequencing RR mix (AB), 2 pl BigDye Terminator vl1.1
Sequencing Buffer (AB), 1.6 pmol primer and distilled water
up to 8 wl) with an 8-channel epMotion workstation
(Eppendorf, Germany). Cycle sequencing was performed
(after a first denaturation step of 95 °C, 1 min) for 25 cycles of
10 s at 95 °C, 5 s at 50 °C, and 4 min at 60 °C. Each template
was sequenced in the forward direction with primers L15971,
L15989, L16268, L00015, L00029, L00314, and L00361 and
in the reverse direction with primers HO0016, HO0159, and
HO00484 (Table 1(a) and (b)). Sequencing reaction products
were purified from residual dye terminators using Sephadex
G-50 Fine (Amersham, Buckinghamshire, UK) and Multi-
screen filter plates (Millipore) according to the manufacturer’s
protocol. To this end, the cycle sequencing products were
diluted by adding 10 pl of distilled water and the dilutions
were centrifuged through the filter plate into an optical 96-
well plate for electrophoretic separation. The entire procedure
of diluting cycle sequencing products and transferring the
dilutions onto the Sephadex columns in the filter plate was
again performed by the epMotion workstation. When spinning
cycle sequencing products through the filter plate, unequal
amounts of product may be recovered throughout the plate. In
order to avoid this, the blocks’ orientations in the centrifuge
carriage were reversed after 2.5 min and the blocks were spun
a second time for 2.5 min to obtain consistent amounts of
purified products. Electrophoretic separation was carried out
on an ABI3100 capillary sequencer using POP6 and a 36 cm
capillary array.

Table 1
Sequences of primers

Primer Nucleotide sequence

(a) Sequences of primers used for amplification and sequencing of the
entire mitochondrial DNA control region

H00016 5 TGA TAG ACC TGT GAT

CCATCG TGA 3’
HO00159 5" AAA TAA TAG GAT GAG

GCA GGA ATC 3/
HO00484 5" TGA GAT TAG TAG TAT GGG AG 3’
HO00599 5" TTG AGG AGG TAA GCT ACATA 3/
L00015 5" CAC CCT ATT AAC CAC TCA CG 3’
L00029 5" CTC ACG GGA GCT CTC CAT GC 3’
L00314 5" CCG CTT CTG GCC ACA GCA CT ¥
L00361 5" ACA AAG AAC CCT AAC

ACC AGC 3
L15900 5" TCA AAG CTT ACA CCA

GTC TTG TAA ACC 3
L15971 5" TTA ACT CCA CCA TTA GCA CC 3’
L15989 5" CCC AAA GCT AAG ATT CTA AT 3’
L16268 5" CAC TAG GAT ACC AAC AAA CC 3

(b) Sequencing primers that were published in [14] and that were replaced in
the present study”

L16169 5" CCC CCC CCC CAT G 3’
(replaced by L00029)

L00318 5" CCC CCC CCC CCC GCT 3/
(replaced by L00314)

L00403 5" TCT TTT GGC GGT ATG CAC TTT 3’
(replaced by L00361)

H16410 5" GAG GAT GGT GGT CAA GGG AC 3’

(replaced by H00016)

# The primers, which they were substituted for, are written in parentheses.

2.3. Data analysis and quality assurance

After the raw data were analyzed with Sequencing Analysis
(Version 3.3, Applied Biosystems, AB, Foster City, CA, USA),
the sequences were aligned and the basecalls were scrutinized
twice by two independent scientists. Consensus sequences were
aligned and compared to the revised Cambridge Reference
Sequence (rCRS; [15,16]) using Sequencher (Version 4.1.4Fb4,
GeneCodes, Ann Arbor, MI, USA), following nomenclature
guidelines for mtDNA typing [5,6]. In an independent step the
sequences were evaluated by another scientist using the
sequence analysis and alignment software SeqScape (Version
2.0, AB). The results of both analyses were exported as
mutation reports, which were directly imported into a data
storage and data evaluation software, specifically designed for
mtDNA analysis and implemented into the previously
described in-house Laboratory Information Management
System (LIMS) ([17]). This software allows for electronical
comparison of the exported haplotypes, which are finally
reviewed by a third scientist. After evaluation the mtDNA
haplotypes were stored and assembled for subsequent
phylogenetic analyses and final database export.

2.4. Haplogroup assignment

The mtDNA haplotypes from this study were affiliated to
(sub)-haplogroups based on the patterns of shared haplogroup-
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specific or haplogroup-associated polymorphisms in the control
region, as reported in [18-27]. The haplogroup assignments
were confirmed with the results of a previous study involving
the analysis of 16 phylogenetic informative single nucleotide
polymorphisms (SNPs) from the coding region [28].

2.5. Random match probability

The random match probability was calculated as the sum of
the squares of the haplotype frequencies [29]. C-stretch length
variants in HVS-I (around position 16189) and in HVS-II
(around position 310) were ignored in distinguishing haplo-
types for calculation of random match probability.

2.6. Population genetic and molecular evolution analysis

The Austrian data were compared with 93 control region (CR)
sequences from the Czech Republic [30], 244 CR sequences
from Poland [19], 156 CR sequences from Bosnia-Herzegovina
[22], 104 CR sequences from Slovenia [22] and 200 CR
sequences from Germany [31]. For all comparisons, C-stretch
length variants in HVS-I and HVS-II were ignored. Molecular
diversity indices, analysis of molecular variance (AMOVA) and
pairwise differences were calculated with the ARLEQUIN
software (Version 2.0; [32]). Pairwise FST values were used to
describe the short-term genetic distance between populations.
Permutation tests (1000 replicates) were used to evaluate the
significance of calculated genetic distances between populations.
For this alignment, sequences were trimmed to fit the greatest
common range 16024-16368 and 71-340.

2.7. Phylogenetic analyses

Two different kinds of phylogenetic analyses were
performed on the data. The first method was aimed at
identifying possible artificial HVS-I/HVS-II recombinants (i.e.
samples that contain a combination of HVS-I sequences from
one person and HVS-II sequences from another person). The
occurrence of artificial recombination in mtDNA databases has
been described several times [33,3,7], and is difficult to address
as this phenomenon cannot be detected by evaluation of the raw
sequence data. To address this problem, we have developed an
IT-based solution to systematically search for artificial
recombinants in population data that consist of HVS-
I + HVS-II-sequences. In brief, the computer program identi-
fies the mitochondrial haplogroup of each hypervariable region
of a sample separately. This is achieved by finding a haplotype
with the minimal genetic distance to the sequence in question
from a flexible background dataset containing control region
sequences, whose haplogroup-affiliation was confirmed by
coding region SNPs. The distance is calculated applying a
combination of the simple Hamming-distance for sites with
gaps (insertions/deletions) with the more complex GTR
(general time reversible; [34]) distance for sites without gaps.
Then, the implementation checks whether the hg-assignments
of the two hypervariable regions are conclusive—if not, it is
indicated to re-examine the mismatching profile. In this study,

the mtDNA haplotypes were generated by sequence analysis of
the full control region amplicons. Therefore, the risk of mixing
up sample was significantly reduced. Nevertheless, we tested
the haplotypes for artificial recombination, which could have
potentially been introduced at a later stage of the analysis.

The second method applied to the data was a mathematical
algorithm developed to aid the determination of the most
probable haplogroup(s) of a set of mtDNA control region
samples. The algorithm is implemented into a software package
(manuscript in preparation) and is based on propositional logic
via checking of the presence or absence of haplogroup
diagnostic sites.

3. Results and discussion

We here present an optimized laboratory strategy for the
sequence analysis of the complete mitochondrial DNA control
region, which involves semi-automated 96 well-based pipetting
and LIMS-and IT-aided sample processing. A sample of 273
unrelated persons from Austria serves as example (Table 2).
This strategy developed for high-throughput typing of mtDNA
control region sequences has proven to be a reliable and easily
reproducible procedure for generating high-quality population
data. The concept of keeping all laboratory stages in the 96-well
format facilitates the handling of the samples and minimizes the
possibility of artificial recombination (sample mix-up of
hypervariable segments from different individuals [35,3,7])
considerably. Another important step in the avoidance of
sample mix-up is that the entire control region is amplified in
one piece, which reduces the complexity of post-PCR
purification treatment and the further transfer of PCR products
into the different cycle sequencing cocktails. The choice of the
number of PCR cycles (35) is based on the intention to amplify
the samples until the plateau phase of PCR is reached, largely
independent of their initial DNA concentrations. This
normalizes the amount of DNA that is finally added to the
cycle sequencing reaction. Also in the post-PCR area, the
application of automated pipetting workstations for transferring
PCR-products into the different cycle sequencing cocktails,
diluting the cycle sequencing products and transferring the
diluted cycle sequencing products onto the Sephadex columns
in the Multiscreen filter plate, enables a fast and reliable
processing of a large number of samples by significantly
reducing the number of manual pipetting steps. The sequencing
reactions produce widely overlapping DNA sequences, gen-
erating overlapping redundant sequence information across the
entire mitochondrial control region. This has proven very useful
for the determination of point heteroplasmic positions as these
were usually confirmed multiple times by independent
sequence strands. Even in the case of length heteroplasmy
occurring in any of the three C-stretches within the control
region, at least full double strand coverage of all nucleotide
positions was given with the 10 sequencing primers
(Table 1(a)). The major benefit of this strategy is to reduce
the need for repeated individual data handling due to length
heteroplasmy or artifacts, which challenge sequence inter-
pretation and require additional analyses. Some of the



Table 2

Control region sequences in Austria (haplogroup-assignments were confirmed with coding region SNPs [28])

Hg  Sample HVS-I (16024-16569) HVS-II (1-576)

¢ fIG6  16093C 162237 16234T 16288C 16298C 16327T 16518T 16519C 16527T 73G ~ 249del 263G 309.1C 315.1C 489C
H*  fIA5  16519C 235G 263G 309.1C  309.2C 315.1C
H*  fIA6  16037G 16188A 16519C 263G 309.1C 309.2C 315.1C 524.1A 5242C
H*  fIB3 263G 315.1C 340T  523del 524del
H*  fIB6  16248T 16519C 73G  187T 263G 315.1C 523del  524del
H*  fICl  16519C 189G 263G 315.1C

H*  fIDI  16183C 16189C 16519C 263G 309.1C 309.2C 315.1C

H*  fIEl  16293G 16311C 1434 195C 263G 309.1C 315.1C
H*  fIE2  16291T 16519C 263G 315.1C

H*  fIE3  16093C 16271C 16519C 263G 309.1C 315.1C

H*  fIFl  16234T 16293G 16519C 263G 315.1C 3152C

H*  fIG2  16311C 263G 309.1C 315.1C  523del 524del
H*  fIG3  16325C 16519C 263G 309.1C 315.1C

H*  fIH2  16519C 153G 263G 309.1C 315.1C

H*  fIH3  16311C 16519C 263G 309.1C 315.1C

H*  fIH5  16266T 16311C 16399G 16519C 263G 315.1C 523del  524del

H*  f2A4  16189C 16519C 263G 315.1C

H* 2Bl 16189C 16519C 152C 263G 309.1C 315.1C 385G
H*  f2B5  16189C 16519C 263G 315.1C

H*  f2D1  16519C 146C 263G 309.1C 315.1C

H*  f2D3  16072T 16245T 16311C  16519C 263G 315.1C 523del  524del

H*  f2B4  16519C 263G 309.1C 315.1C

H*  f2BS  16519C 263G 309.1C 315.1C

H*  f2F3  16293G 16294T 16311C 1434 195C 263G 309.1C 315.1C
H*  f2F5  16519C 152C 263G 309.1C 315.1C 334C 524.1A 524.2C
H* f2G1  16311C 16519C 152C 263G 315.1C

H*  f2G2 263G 309.1C 309.2C 315.1C 523del  524del
H*  f2H4  16172Y 16327T 263G 309.1C 315.1C  438T

H*  f3A5  16519C 146C 263G 309.1C 315.1C

H*  f3A6  16189C 16519C 152C 263G 309.1C  309.2C 315.1C 385G
H* 3Bl 16519C 152C 263G 315.1C 524.1A 524.2C
H*  f3B4  16519C 259G 263G 315.1C

H*  f3B5  16248T 146C 263G 309.1C  309.2C 315.1C
H*  f3B6  16519C 263G 309.1C 309.2C 315.1C

H*  f3C2  16209C 16519C 263G 315.1C

H*  f3C3  16183C 16189C 16519C 146C 263G 309.1C  309.2C 315.1C
H*  3C4 263G 315.1C 523del  524del

H*  f3D5 263G 309.1C 309.2C 315.1C

H*  f3El 309.1C 315.1C

H*  f3E4  16519C 263G 309.1C 315.1C

H*  f3F3  16093Y 16519C 263G 309.1C 315.1C  573.1-6CCCCCC

H*  mlA2  16093C 16519C 263G 315.1C

H*  mlA4 16299G 16519C 150T 263G 315.1C

H*  mlA5  16519C 263G 309.1C 309.2C 315.1C

H*  mIB3 16239T 16355Y 16519C 263G 309.1C 315.1C

H*  mlB4 16519C 16527T 146C  195C 263G 315.1C

H* mlD2 16234T 16293G 16519C 263G 315.1C 315.2C

H* mID5 16129A 16311C 16519C 195C 263G 309.1C 315.1C

H*  mlE2  16519C 263G 309.1C 315.1C

H* mlE3  16519C 263G 309.1C 315.1C

H* mlES  16519C 263G 309.1C 315.1C

H* mlFl  16519C 146C 263G 309.1C  309.2C 315.1C
H* mlF2  16519C 152C 263G 315.1C

H* mlIF3  16170G 16390A 16519C 263G 309.1C 315.1C

H* mlF5  16327T 263G 309.1C 315.1C 438T

H*  mlHl  16291T 193G 263G 315.1C

H*  m2B2  16042A 16288C 16519C 263G 315.1C 477C

H*  m2B3  16261T 16291T 16311C 16519C 200G 263G 309.1C 315.1C

H*  m2B6  16519C 263G 309.1C 315.1C

H*  m2C2 16124C 16519C 263G 309.1C 315.1C 573.1-3CCC

XXX=XXX (90(Z) XXX [DUOUDUIJU] 2IUIIDS DISUILOH /D 12 JdPDISPUDLY *
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H*
H*
H*
H*
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HI10
Hla
Hla
Hla
Hla
Hla
Hib
Hib
Hib
Hlb
Hib
Hic
Hlc
Hlc
Hic
Hicl
Hicl
H2al
H5
H5
H5
HS5
H5
H5
H5
H5
HS5
H6
Ho6
H6
H6
Ho6
Ho6
H6
Ho6
HV*
HVO
HVO0
HVO
HVO

m2C4
m2C6
m2D3
m2E4
m2E6
m2F1
m2F3
m2F4
m2Gl
m2H6
m3A4
m3A5
m3C2
m3D3
m3E4
m3E5
m3F1
m3F6
m3G1
m3G3
m3G5
m3G6
m3H1
m3H4
m3H5
m3B6
f2C4
f3G3
f3G4
mlC2
m2D2
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f1E4
f2C6
f2El
m2D4
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f1C5
f1C6
m3C5
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m3E6
f2D5
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f1F5
f1G4
f2E3
f3D1
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m2A4
m2B1
m3B1
f3D6
f3F1
f3H1
mlAl
mlF4
ml1G5
m2D1
m3El
m3G4
f1G1
f3G1
m2G4
m2H2

16327T
16519C
16129A
16519C
16519C
16239T
16249C
16519C
16170G
16519C
16183C
16183C
16311C
16519C

16207G

16183C
16519C
16519C
16093C
16216R
16256T
16249C

16114T
16162G
16051G
16162G
16162G
16051G
16189C
16189C
16189C
16189C
16183C
16093C

16278Y
16519C
16263C
16093C
16354T
16304C
16260T
16304C
16304C
16304C
16189C
16260T
16304C
16304C
16362C
16311C
16362C
16311C
16362C
16362C
16298C
16362C
16162G
16153A
16298C
16183C
16298C

16519C

16311C
16519C
16527T
16355T

16189C
16189C

16519C

16189C

16519C
16311C
16311C
16519C

16519C
16209C
16162G
16519C
16519C
16162G
16356C
16356C
16356C
16356C
16189C
16263C

16519C

16519C
16263C

16304C

16319A
16304C
16304C
16311C

16482G
16362C

16362C
16482G
16482G
16362C
16482G
16298C
16298C
16311Y
16189C

16519C

16390A

16519C
16519C

16519C

16519C
16519C

16519C
16291T

16291T
16362C
16362C
16362C
16362C
16356C
16311C

16519C

16482G

16482G

16482G
16526A

16298C

16519C

16304C

16304C
16519C
16519C
16519C
16519C
16362C
16390A

16519C

16519C

16519C
16519C

263G
263G
263G
263G
152C
263G
263G
146C
263G
263G
263G
199C
263G
263G
73G
152C
263G
199C
72G
152C
246C
152C
263G
263G
262T
263G
73G
73G
73G
73G
73G
263G
263G
263G
263G
263G
263G
263G
263G
263G
263G
263G
152C
146C
263G
263G
152C
263G
263G
263G
199C
263G
42.1T
239C
239C
239C
152C
183G
239C
239C
263G
72C
64T
72C
72C

309.1C
315.1C
309.1C
309.1C
263G
315.1C
315.1C
195C
315.1C
309.1C
309.1C
263G
309.1C
315.1C
182T
263G
315.1C
263G
263G
263G
263G
263G
315.1C
309.1C
263G
309.1C
263G
263G
263G
263G
263G
309.1C
309.1C
315.1C
309.1C
315.1C
315.1C
309.1C
315.1C
315.1C
315.1C
315.1C
194T
195C
309.1C
309.1C
263G
309.1C
309.1C
309.1C
207A
315.1C
239C
263G
263G
263G
239C
239C
263G
263G
309.1C
93G
72C
195C
152C

315.1C

309.2C
315.1C
315.1C

263G
478G
315.1C
309.2C
309.1C
315.1C

263G
315.1C
523del
309.1C
315.1C
309.1C
309.1C
309.1C

315.1C
309.1C
315.1C
315.1C
315.1C
315.1C
315.1C
315.1C
315.1C
315.1C
523del
309.2C
523del
471C
315.1C
477C
477C
471C
471C
263G
263G
315.1C
309.2C
315.1C
309.2C
309.2C
315.1C
263G
456T
263G
309.1C
309.1C
309.1C
263G
263G
309.1C
309.1C
315.1C
195C
195C
263G
195C

438T

315.1C

523del

315.1C
523del

315.1C
309.2C

309.1C

524del
309.2C

315.1C
309.2C
309.2C

315.1C

515G

523del
523del
524del
315.1C
524del

477C

309.1C
309.1C
456T
315.1C
456T
315.1C
315.1C
456T
315.1C

309.1C
309.2C
309.2C
315.1C
309.1C
315.1C
315.1C
315.1C

263G
263G
309.1C
263G

524del

524del

315.1C

315.1C

315.1C

315.1C
315.1C

524del
524del

523del

315.1C
315.1C

456T

456T
456T

456T

315.1C
315.1C
315.1C

309.2C

315.1C
309.1C
309.2C
315.1C

523del

524del

456T

524.1A

315.1C

315.1C
315.1C

524del

524.2C
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Table 2 (Continued)

Hg Sample HVS-I (16024-16569) HVS-II (1-576)

HVO m3C4 16216G 16261T 16298C 16519C 72C 263G 309.1C 315.1C

HVO m3Dl  16145A 16298C 16519C 72C 263G 309.1C 315.1C

I f2A6 16129A  16148T 16192T 16223T 16294T 16519C 73G 153G 199C 204C 250C 263G 309.1C 315.1C 574C 576C

12 m2B4  16086C 16129A 16223T 16268T 16391A 16519C 73G 152C 199C 204C 207A 239C 250C 263G 309.1C  315.1C 524.1-4ACAC 573.1-5CCCCC
J1 2D4 16069T  16126C  16193T  16519C 73G 152¢C 199C 263G 295T 315.1C 462T 489C

J1 3G6 16063C  16069T 16086Y 16126C 16168Y 73G 263G 295T 315.1C 462T 489C

J1 mlGl 16069T 16126C  16193T 16319A  16519C 73G 152C 263G 295T 315.1C  462T 489C

J1 mlH6  16069T 16093C 16126C 16311C 3G 185A 263G 295T 315.1C  462T 489C

J1 m2B5  16069T 16126C 73G 185A 263G 295T 309.1C  315.1C 462T 489C

Jlc f1B1 16069T 16126C  16324C  16366T 16390A 16519C 3G 185A 188G 228A 263G 295T 309.1C 315.1C 462T 489C 523del 524del
Jlc f1B2 16069T  16126C  16261T 3G 185A 189G 228A 263G 295T 309.1C 315.1C 462T 489C

Jic f1E6 16069T 16126C  16201T 16265G 16319A 3G 185A 228A 263G 295T 309.1C 315.1C 462T 489C 524.1-4ACAC
Jlc f3H4 16069T  16126C  16519C 73G 185A 188G 228A 263G 295T 315.1C 462T 489C

Jlc mlE4  16069T 16126C 73G 185A  228A 263G 295T 315.1C 462T 489C

Jlc mlE6 16069T  16126C  16261T 3G 146C 185A  228A 263G 295T 315.1C 462T 489C

Jlc m2E5 16069T 16126C  16201T 16232S  16265G 16319A 3G 185A 228A 263G 295T 309.1C 315.1C 462T 489C 524.1-4ACAC
Jlc m2F2 16069T  16126C 73G 185A  228A 263G 295T 315.1C 462T 489C

Jlc m2G3  16069T 16126C  16390A 73G 185A  228A 263G 295T 309.1C 315.1C 462T 489C

Jlc m3D4  16069T 16126C 16519C 73G 146C 185A 188G 228A 263G 295T 309.1C 315.1C  462T 489C
Jicl  flH1 16069T 16126C 73G 185A  228A 263G 295T 315.1C 462T 482C 489C

Jicl  f3HS5 16069T  16126C 3G 228A 263G 295T 315.1C  462T 482C 489C

Jicl  mlB1 16069T  16126C 73G 185A  228A 263G 295T 315.1C 462T 482C 489C

Jicl  m3B3  16069T 16126C 73G 185A  228A 263G 295T 315.1C 462T 482C 489C

J2a 2G3 16069T 16126C 16145A 16231C  16261T 73G 150T 152C 195C 215G 263G 295T 310.1T 315.1C  319C 489C S13A
J2a mlG6  16069T 16126C 16145A 16231C 16261T 73G 150T 152C 195C 215G 263G 295T 310.1T 315.1C  319C 489C S513A
12a m2H4  16069T 16126C 16145A 16231C 16261T 3G 150T 152C 195C 215G 263G 295T 310.1T 315.1C  319C 489C S13A
12b m3H2  16048A 16069T 16126C 16193T 16356C 73G 150T 152C 263G 295T 309.1C 315.1C 489C 523del  524del

K f2D6 16224C  16311C  16519C 73G 146C 195C 263G 309.1C  315.1C 524.1A 524.2C

K m2A6  16224C 16298C 16311C 16519C 73G 94A 263G 309.1C 315.1C

K m2E3 16224C  16311C  16519C 3G 146C 195C 263G 309.1C  315.1C 524.1A 524.2C

K m3E3 16093C  16189A 16224C 16274A 16311C  16362C 16519C 3G 151T 152C 263G 309.1C  315.1C 524.1A 524.2C

K m3F2 16224C  16311C  16519C 73G 146C 195C 263G 309.1C  315.1C 524.1A 524.2C

Kla fl1Al 16224C  16311C  16519C 73G 152C 263G 295A 309.1C  315.1C 497T

Kla fl1A4 16224C  16287T 16311C  16519C 73G 263G 309.1C 315.1C 497T

Kla  f1F3 16222T 16224C  16311C  16362C  16519C 3G 114T 263G 309.1C 315.1C  497T

Kla 2G5 16224C  16257T 16311C  16519C 3G 263G 309.1C 315.1C 497T 524.1A 524.2C

Kla  f3F4 16093C  16224C  16311C  16362C  16519C 73G 263G 315.1C 497T

Kla m3C6 16093C 16224C 16311C 16519C 16524G 73G 195C 263G 315.1C 497T

Kla m3H3 16224C 16311C 16362Y 16519C 3G 263G 315.1C 497T

Klc fl1H4 16224C  16311C  16519C 3G 146C 152C 263G 309.1C  315.1C

Kle  f2B2 16224C  16311C  16519C 73G 146C 195C 263G 309.1C  315.1C 524.1A 524.2C

Klc  f2H3 16224C  16311C  16519C 73G 146C 152C 263G 315.1C

Klc f3B2 16224C  16311C  16519C 73G 146C 152C 263G 315.1C

Klc  f3E6 16224C  16311C  16519C 3G 146C 152C 263G 315.1C

Klc  f3H3 16224C  16311C  16320T 16519C 3G 146C 152C 263G 315.1C  498del

Kic mIG3 16214T 16224C 16311C 16320T 16519C 73G 146C 152C 263G 309.1C  315.1C 498del

Kle mlH2 16224C 16233G 16311C 16519C 73G 146C 152C 263G 315.1C

Klc  m2F5 16224C  16239T 16311C 16519C 73G 146C 152C 263G 315.1C

Klc m3B5 16224C 16301Y 16311C 16519C 73G 146C 152C 263G 315.1C

K2b  f1B4 16093C  16224C  16311C  16319A 16463G  16519C 3G 151T 152C 199C 263G 309.1C 315.1C 524.1A 524.2C

Nla  f3C5 16147A  16154C 16172C  16223T 16320T 16355T 16519C 73G 152C 199C 204C 263G 309.1C 315.1C 573.1-4CCCC

Nla m3B4 16086C 16147A 16223T 16248T 16320T 16355T 16519C 73G 152C 199C 204C 207A 263G 315.1C 573.1C 573.2C

T f2F2 16126C  16294T 16304C  16519C 73G 263G 315.1C

T f3C1 16126C  16172C  16294T 16304C  16519C 3G 263G 315.1C

T f3E2 16126C  16266T 16294T 16304C 16519C 3G 263G 309.1C 315.1C 385G

T f3F2 16126C  16153A  16258G  16294T  16519C 73G 150T 263G 309.1C 315.1C

T f3G5 16126C  16241G  16294T 16304C 16519C 73G 263G 309.1C  309.2C 315.1C

T mlB5 16126C  16294T 16304C 16519C 3G 152Y 263G 309.1C 315.1C

T mlF6 16126C  16294T 16311C  16519C 3G 146C 195C 198T 263G 315.1C

Tl fID5 16126C  16163G  16186T 16189C  16294T  16519C 73G 195C 263G 309.1C 315.1C

Tl f1G5 16126C  16163G  16186T 16189C  16294T 16519C 73G 195C 263G 315.1C

T1 f2C5 16126C  16163G  16186T 16189C  16294T 16519C 73G 152C 263G 309.1C 315.1C
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Table 2 (Continued)

HVS-1I (1-576)

HVS-I (16024-16569)

Sample
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Variant positions from the rCRS are shown between 16024 and 16569 in HVS-I and 1 and 576 in HVS-IL.

sequencing primers that we used in former mtDNA population
studies [14] turned out to provide insufficient sequence quality
and were replaced (L16196, 100318, L00403 and H16410;
Table 1(b)).

To obtain a consistent and comprehensible nomenclature for
all population samples generated for the EMPOP database, a
sample naming procedure was conceived that takes the
geographical origin and the position of the DNA extract in
the 96-well DNA masterplate into account. This nomenclature
enables an easy and straight-forward post-laboratory handling
and organization of population data. Beginning with the
creation of sample sheets for electrophoresis, where for new
population data only the city and plate identifiers have to be
replaced (which can automatically be done by e.g. MS Excel),
also the further processing of the data (i.e. import into the
sequence alignment software and the final import into the
EMPOP database) can be organized consistently and unam-
biguously. So, for generating further population data, we
recommend the following nomenclature to be applied:

e The first two letters identify the geographical origin. For
example, if population data from Vienna were generated, the
first two letters would, e.g. be “Vi”.

e Following the city identifier, the plate identifier is added (1, 2,
)

o Lastly, the 96-well plate position of the DNA extract is
appended (e.g. “Al1”).

The sequencing reactions deriving from different sequencing

primers are attached after the sample name and separated by an

underscore. The full name of a sequence electropherogram
obtained from e.g. sample VilAl generated with the sequen-
cing primer L15971 would thus be: “VilAl_L15971.ab1”.

The file extension “".abl” is automatically appended to file

names by AB capillary electrophoresis instruments.

3.1. Polymorphisms in the entire mtDNA control region

When taking dominant length variants in C-stretches into
consideration, sequence comparisons led to the identification of
222 mitochondrial lineages as defined by 189 variable sites. On
average, the samples showed 8.9 (95% CI 8.46-9.35)
differences to the rCRS [15,16]. The mean pairwise difference
between individuals was 9.32 (95% CI 9.28-9.36). Within the
Austrian sequences, the ratio of sites manifesting transition
mutations to those manifesting transversion mutations is 13.3.

Point heteroplasmy was reproducibly detected in 18 out of
273 samples (6.6%)—f1C4: 16266Y; f1C6: 16278Y; f2B6:
152Y; £2C3: 16519Y; f2H4: 16172Y; {3F3: 16093Y; f3Gl:
16311Y; £3G6: 16086Y and 16168Y; m1B3: 16355Y; m1B5:
152Y; m1C6: 16093Y; m2ES5: 16232S; m2H1: 152Y: m2HS5:
16220R; m3B2: 234R; m3B5: 16301Y; m3G6: 16216R; m3H3:
16362Y.

We targeted the entire control region for this database to
permit access to additional discriminatory variation that resides
outside of HVS-I/HVS-II in the control region [31,36,37]. In
the presented Austrian database, the entire control region
discriminates 15 additional haplotypes compared to HVS-I/
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HVS-II sequencing (206 vs 191 different haplotypes)
disregarding cytosine insertions in the C-stretches (in HVS-I,
HVS-II and HVS-III). The additional power of discrimination
is not the only reason for targeting the mini-variable regions
outside the control region, many phylogenetically informative
sites also lie outside the commonly typed range 16024—16365
and 73-340. Haplogroup HVO (former pre-V), for example, is
characterized by the polymorphisms T16298C and T72C [38].
Many laboratories that amplify HVS-I and HVS-II separately
start with the analysis of HVS-II at position 73, although
position 72 has been sequenced and is clearly readable. Thus,
when only HVS-II is typed from a sample sequence evaluation
should start at least at position 72. Similar observations were
made with other haplogroups: In this study, we confirm that
U2e is among other diagnostic sites characterized by A508G,
U3a by G16390A, U4 by G499A, USal by A16399G, Hlc by
477C, H5 by C456T, Kla by 497T, J by T489C, J1 by C462T
and J1cl by T482C (Table 2) [25,26].

Several years before, we [39] published an mtDNA
population study on 101 Austrian Caucasians. In order to
avoid redundancy we randomly selected from an independent
set of samples. However, as identified during data analysis, we
unintentionally included a sample in the new set that has also
been typed in the first study (AUT69 from [39] is identical to
m3G3). This is the mtDNA haplotype of a woman, who has
accidentally been sampled twice within the past 5 years.
Nevertheless, we decided to maintain this sample in the set of
this study.

3.2. Random match probability (RMP)

We have targeted the entire control region for this dataset to
access additional discriminatory variation that resides outside
of HVS-I/HVS-II [36,37]. The probability of a random match
between two unrelated individuals from this Austrian dataset
(n=273) was calculated 1:89 for HVS-I + HVS-II and 1:125
for the entire CR (consistently disregarding C-insertions in
HVS-I, HVS-II and HVS-III). The latter is comparable to
RMPs computed for the entire control region databases from
the Czech Republic (1:83; value from [30]) and Germany (1:96;
[31]; RMP calculated from the data). The slight observed
differences may confirm the assumption that the number of
haplotypes increases with the sample size [40]. In addition, the
observed decrease of discrimination power when only HVS-
I+ HVS-Il is analyzed was confirmed by the results from RMP

analysis of hypervariable regions I and II of the Czech
(RMP = 1:67) and German (RMP = 1:66) population samples.
The probability of a chance match (HVS-I+ HVS-II) was
calculated 1:59 for Bosnia-Herzegovina, 1:76 for Poland and
1:56 for Slovenia.

3.3. Comparison with other West-Eurasian populations

In order to evaluate the diversity observed in Austria in
relation to other West-Eurasian mtDNA control region
variation, we compared the present Austrian sample set to
databases of other West-Eurasian populations (Bosnia-Herze-
govina, Czech Republic, Germany, Poland, and Slovenia). Only
HVS-I and HVS-II data were considered, since not all databases
included entire control region sequences. Pairwise comparisons
showed a considerable number of matches between Austria and
other European populations: 121 individuals (54 haplotypes)
from Austria were also found in the databases from Bosnia-
Herzegovina, the Czech Republic, Germany, Poland, and
Slovenia. In particular, the most common haplotype in the
Austrian population sample (263G, 315.1C) was also the most
frequent profile in the other European populations (Austria:
7.7%, Bosnia-Herzegovina: 8.3%, Czech Republic: 8.6%,
Germany: 9.5%, Poland: 9.0%, Slovenia: 7.8% of the
population sample, respectively). On the other hand, the
majority of sequences in the particular databases have not been
observed in other databases (Austria: 55.7%, Bosnia-Herze-
govina: 55.1%, Czech Republic: 76.3%, Germany: 57.5%,
Poland: 62.3%, Slovenia: 52.4% of the population sample,
respectively).

Pairwise differences between and within populations were
calculated with ARLEQUIN (Table 3). Whereas the popula-
tions from Austria, Bosnia-Herzegovina, Germany, Poland and
Slovenia show on average 7.64 pairwise differences within their
populations and 7.66 pairwise differences between the
populations, the population sample from the Czech Republic
shows 8.89 pairwise differences within its population and 8.29
differences to the other European populations.

AMOVA was used to test for significant variation in the
mtDNA distributions among the various populations
(Table 4(a)). 99.7% of the variance observed among the six
populations is attributable to differences within populations,
and 0.3% (p, < 0.05) represents differences among popula-
tions. The comparison of FST values from pairs of population
samples (Table 4(b) and (c)) revealed that the Austrian

Table 3
Population average pairwise differences (16024—16368 and 71-340)

Austria Bosnia-Herzegovina Czech Republic Germany Poland Slovenia
Austria 7.81507 7.59969 8.36260 7.84875 7.78091 7.69467
Bosnia-Herzegovina 0.02895 7.32642 8.14344 7.59919 7.52743 7.41603
Czech Republic 0.00976 0.03493 8.89060 8.40284 8.29975 8.22483
Germany 0.01856 0.01334 0.03489 7.84530 7.77762 7.71257
Poland 0.03558 0.02643 0.01665 0.01718 7.67559 7.60502
Slovenia 0.02732 —0.00699 0.01971 0.03010 0.00742 7.51963

Above diagonal: average number of pairwise differences between populations (PiXY); diagonal elements: average number of pairwise differences within population
(PiX); below diagonal: corrected average pairwise difference (PiXY — (PiX + PiY)/2).



+ Models

10 A. Brandstdtter et al./ Forensic Science International xxx (2006) xxx—xxx

Table 4
AMOVA results

Source of variation d.f.

Sum of squares

Variance components Percent of variation

(a) Design and results (d.f. stands for degrees of freedom)

Among populations 5 29.289 0.01136 Va 0.29
Within populations 1064 4136.307 3.89116 Vb 99.71
Total 1069 4165.595 3.90253
Austria Bosnia-Herzegovina Czech Republic Germany Poland Slovenia
(b) Population pairwise FSTs
Austria 0.00000
Bosnia-Herzegovina 0.00369 0.00000
Czech Republic 0.00168 0.00482 0.00000
Germany 0.00237 0.00170 0.00462 0.00000
Poland 0.00457 0.00344 0.00258 0.00222 0.00000
Slovenia 0.00340 —0.00090 0.00249 0.00378 0.00091 0.00000
Austria Bosnia-Herzegovina Czech Republic Germany Poland Slovenia
(c) FST P values®
Austria *
Bosnia-Herzegovina 0.02441 *
Czech Republic 0.17773 0.02344 *
Germany 0.05176 0.11328 0.02441 *
Poland 0.00391 0.02734 0.08789 0.06348 *
Slovenia 0.06445 0.60645 0.14844 0.04492 0.25391 *

# Significant FST P values are depicted in bold.

population sample displayed significant differences in mtDNA
distributions compared to the population databases from
Bosnia-Herzegovina and Poland. Additionally, the Bosnian
database showed statistically significant differences to the
population samples from Poland and the Czech Republic,
which also displayed differences to the German database.
Lastly, the German sequences also showed differences in
population substructure to sequences from Slovenia. The slight
differences in mtDNA substructure between the different
populations might be explained by the relatively small sizes of
the samples compared to the sizes of the populations they were
drawn from. The small sample sizes might thus represent
faintly different cutouts of the distribution of the mitochondrial
haplogroups. However, the inter-population variability calcu-
lated for these European populations is in agreement with
former estimates from other European populations [41] and is
low compared to sub-Saharan African populations [42,13].

3.4. Haplogroup assignment

Much of the evolutionary change in the mtDNA pools of
West-Eurasian populations during the past centuries has been
introduced by lineage redistribution—both within populations,
caused by drift, and between populations, caused by migration
[43]. The basic phylogenetic structure of West-Eurasian
mtDNA lineages has been revealed by a number of recent
studies [44,45,18,46].

The analysis of 16 diagnostic mtDNA coding region SNPs
allowed us to assign the major haplogroup status of the CR
sequences [28], which were in agreement with the expected
haplogroup distribution from West-Eurasian populations (H, I,
J, K, Nla, T, U, V, W, and X) [46-50,28,23-25].

The most common haplogroup, cluster HV (including
samples belonging to haplogroups HVO (former pre-V), H* and
sub-haplogroups of H), was observed in 45.4% of the Austrian
sample set. Samples belonging to haplogroup H, which could
not be resolved genealogically in subclades [23,24,51], were
assigned to haplogroup H*. Haplogroups observed at inter-
mediate levels included clusters U (19.8%), T (13.2%), J
(8.4%), and K (8.4%). The haplogroups observed less
frequently included I (0.7%), Nla (0.7%), W (1.5%), and X
(1.5%). One sample (f1G6) that could not be unambiguously
assigned by the 16 coding region SNPs was identified by
control region polymorphisms to belong to the Asian
haplogroup C (0.4%; Table 2). Two samples that were assigned
to haplogroup I by the 16 coding region SNPs were identified to
belong to haplogroup Nla by control region markers. This
initial misclassification can be explained by the fact that by the
time of the SNP study [28], the marker G1719A was used to
classify haplogroups I and X [47,45,50]. According to a later
study however [25], the marker G1719A turned out as a deep-
rooting marker defining the two branches N1 and NS5, where
haplogroup I is a only sub-lineage of haplogroup N1. A refined
classification into nested sub-haplogroups could be reached for
haplogroups I, J, K, T, U and V. Due to the lack of a detailed
description of haplogroups W and X, samples belonging to
these haplogroups could not be further subdivided.

3.5. Phylogenetic analyses

The phylogenetic check for artificial recombination applied
here provides a fast method for identifying samples containing
DNA-stretches from two different persons. Such a quality
check is especially valuable for mtDNA databases, where the
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two hypervariable regions have been amplified and sequenced
separately. Our approach to sequence generation involves the
amplification of the entire control region in one step and the
generation of redundant sequence information by sequencing
overlapping DNA fragments. Thus, the occurrence of artificial
recombination of DNA stretches deriving from different
persons can be excluded. However, a byproduct of this
phylogenetic check for artificial recombination is that all
samples are assigned with a mitochondrial haplogroup. This
phylogenetic haplogroup determination procedure again is
approved and completed by the results of the haplogroup
determination algorithm based on propositional logic. The
combination of the two programs compensates for the
weakness of each single program: the phylogenetic inference
fails if the background dataset does not contain a sequence of
similar ethnic origin to the sample in question; the logic
approach does not take the different mutation rates of the
individual diagnostic positions into full account and might thus
lead the user to the wrong tip of the mitochondrial tree. Thus,
both approaches can facilitate the assignment of samples to
mitochondrial haplogroups; however, the final decision needs
to be based on a profound understanding of the human
mitochondrial genome, its mutation rates and evolutionary
patterns.
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