
Abstract This work presents a selection of 16 SNPs from
the coding region of the human mitochondrial DNA. The
selected markers are used for the assignment of individu-
als to one of the nine major European Caucasian mito-
chondrial haplogroups. The selected SNPs are targeted in
two multiplex systems, via the application of the SNaPshot
kit, a multiplex method based on the dideoxy single-base
extension of unlabeled oligonucleotide primers. The meth-
od is conceived as a rapid screening technique prior to
sequencing analysis, in order to eliminate multiple sus-
pects from an inquiry or to discriminate between stains in
a high volume casework example. Moreover, the ability to
assign an unknown sample to an mtDNA type of known
Caucasian origin could be of probative value in some in-
vestigations. A database of 277 Austrian Caucasians has
been constructed, and the probability of a chance match
between two unrelated individuals is calculated as 11.4%.
This novel multiplex PCR amplification and typing sys-
tem for mtDNA coding region SNPs promises to be a con-
venient and informative new DNA profiling system in the
forensic field.
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Introduction

Analysis of single nucleotide polymorphisms (SNPs) – the
most common form of variation in the human genome –

has become a popular strategy for discovering genes in-
volved in complex diseases [1, 2, 3] and its promising ap-
plication in forensic human identification has been recog-
nized [4, 5, 6]. Whereas techniques for determination of
the molecular bases of disease states normally involve
samples with large amounts of high quality DNA, forensic
analysts are often confronted with human identification
cases where the amount and quality of nuclear DNA are
greatly reduced. In many cases, the amplification of con-
ventional STRs fails or gives inconclusive results. Typing
of the mitochondrial DNA control region (or their hyper-
variable parts) is then the method of choice because the
high copy number of mtDNA ensures a better PCR ampli-
fication success rate over nuclear loci. The consequence
of its mode of inheritance (maternal transmission and lack
of recombination) is a lower power of discrimination, the
most common HV1/HV2 haplotype is found in approxi-
mately 7% of the Caucasian population. In order to com-
pensate for the weak discrimination of common HV1/HV2
haplotypes in routine casework, further sequence analysis
of additional mtDNA control region fragments has been
performed [7]. However, this technique requires more
DNA extract and is time consuming. An alternative ap-
proach for further differentiation of identical mtDNA hap-
lotypes is the analysis of single nucleotide polymorphisms
(SNPs) which are located in the coding region of the
mtDNA [8]. We based our selection of markers on the abil-
ity to ascribe samples to one of the major west European
Caucasian mtDNA haplogroups. By screening these SNPs
prior to sequencing analysis of the hypervariable regions
we would be able to rapidly differentiate between stains
or hairs in high volume casework or to eliminate multiple
suspects from an inquiry. For multiplexing of the selected
SNPs, the SNaPshot primer extension technique was used
as a rapid screening method.

SNaPshot (AB, Applied Biosystems, Foster City, CA)
is a commercially available mini-sequencing method that
relies on the single-base extension of a primer immediately
adjacent to the SNP using fluorescently labelled ddNTPs.
The fluorescently labeled extension products can then be
separated and visualized by electrophoresis and fluores-
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cence detection. As four different dyes can be detected si-
multaneously, any base position can be assessed for the
presence of an A, C, G, or T base. MtDNA mini-sequenc-
ing was found to provide a reliable and reproducible tech-
nique for forensic applications [9], and the capability of
simultaneously identifying numerous mtDNA substitution
polymorphisms within a single reaction gives SNaPshot high
forensic potential [10]. The 2-stage strategy of screening
samples using SNaPshot multiplex assays, followed by
sequencing a small number of matching samples would
permit mtDNA analysis to be used in a much wider range
of forensic cases than would be possible using sequencing
alone.

Materials and methods

DNA samples and extraction

Blood samples from 277 unrelated Austrian Caucasians were Chelex
extracted as described before [11].

Primer design and evaluation

All primers were designed using the program Primer Express (Ver-
sion 1.5, AB), secondary structures were calculated using the web-
run program mfold 3.0 [12] (http://www.bioinfo.rpi.edu/applications/
mfold/old/dna/), and possible self/cross-extensions were checked
using the program MeltCalc [13]. For SNP interrogation using
primer extension, the 3’-end of a primer has to hybridize one base
to the 5’-side of the polymorphic position. The electrophoretic mo-
bility of extension products can be adjusted by varying the length
of the extension primer using 5’ non-homologous tails. Varying the
binding site between the sense and antisense strands was used to
divide peaks into the four possible channels. Mini-sequencing
primers were tested experimentally in a “self-extension reaction”
using the Primer Focus kit (AB), where no PCR template was
added to the primer extension mixture.

PCR multiplex amplification and mini-sequencing

High-throughput genotyping was established by dispensing aliquots
of the DNA extracts in 96-well plates, and 4 negative control sam-
ples were assayed per plate. For amplification, to each well of a
MicroAmp Optical 96-well reaction plate (AB), 19 µl of PCR mas-
ter mix containing 1.0 unit of Advantage 2 (Clontech, BD Bio-
sciences, Palo Alto and Mountain View, CA), 1.0 unit of reaction
buffer (Clontech) and 200 µM each dNTP (AB) were dispensed.
Amplification primers and their concentrations are specified in
Table 1. Then 1 µl DNA extract (containing 0.5–25 pg of genomic
DNA) was put into the PCR master mix with a multichannel pipet-
tor. The amplification reaction was conducted on an iCycler (Biorad,
Hercules, CA) in two 8-plex PCR reactions. Multiplex I com-
prised the SNP target sites G709A, G1719A, G3010A, C7028T,
A11251G, G12372A, T14798C, and C15904T. Multiplex II com-
prised the SNP target sites A1811G, T6365C, T6776C, G8251A,
G8697A, G9055A, G13708A, and C14766T. The first letter de-
notes the L-strand nucleotide in the rCRS (revised Cambridge ref-
erence sequence; [14]); the second letter denotes the non-rCRS al-
lele. After an initial denaturation at 95°C for 2 min, the reactions
were put through 28–32 cycles of denaturation at 95°C for 30 s, an-
nealing at 66°C for 30 s, and extension at 72°C for 30 s. PCR
primers and unincorporated dNTPs were removed by adding
ExoSAP-IT (USB, Cleveland, OH) according to the manufacturer’s
protocol. The extension primers (Table 2) were premixed for each
multiplex master mix, giving a final concentration of 0.2 µM for
each primer. The reactions comprised 2.5 µl of the SNaPshot mul-
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tiplex ready reaction mix, 2.0 µl of PCR product, 1.0 µl of pooled
extension primers, and distilled water up to 10 µl. Thermal cycling
and post-extension treatment were conducted following the manu-
facturers protocol. Unincorporated ddNTPs were removed with SAP
(shrimp alkaline phosphatase, USB).

Electrophoresis and data analysis

For preparation of samples for electrophoresis, 2 µl of SNaPshot
product was mixed with 12 µl of Hi-Di formamide, containing
0.58 µl of GeneScan-120 LIZ size standard per 100 µl of Hi-Di
formamide. Finally 2 µl of the diluted SNaPshot product was
mixed with 8 µl of the GeneScan-120 LIZ size standard-Hi-Di
formamide mixture. Samples were denatured at 95°C for 5 min.

The electrophoresis was run on an ABI 3100 Genetic Analyzer using
3100-POP-4 polymer (AB). Files were analyzed using GeneScan
Analysis Software version 3.1 and GeneScan-120 LIZ size standard
analysis parameter files. Results were evaluated with Genotyper
version 2.5 (all AB).

Random matching probability

The probability of a chance match (M) between two unrelated in-

dividuals was calculated as: [15], where n is the

number of individuals in the database, m is the number of haplo-
types in the database and xi is the number of times the ith haplotype
was seen in the database.
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� =

= ∑
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Table 2 Extension primers

Primer tails are printed in
lower case letters, the match-
ing primer sequences are writ-
ten in italic upper case letters.

SNP Tail and primer sequence Incorporated 
ddNTP

G709A gac(gact)5TAGAGGGTGAACTCACTGGAA C~T
G1719A gac(gact)2CCACCTTACTACCAGACAACCTTA G~A
A1811G (gact)4GCAAGGGAAAGATGAAAAATTATA A~G
G3010A ga(gact)8TTAATAGCGGCTGCACCAT C~T
T6365C (gact)2CATCTTCTCCTTACACCTAGCAGG T~C
T6776C ga(gact)4GTGTGTCTACGTCTATTCCTACTGTAAATAT A~G
C7028T gac(gact)10CTACACGACACGTACTACGTTGTAGC C~T
G8251A (gact)6GGGTGCTATAGGGTAAATACGGG C~T
G8697A gac(gact)8CGTCCTTTAGTGTTGTGTATGGTTAT C~T
G9055A gac(gact)1ACTCATGCACCTAATTGGAAGC G~A
A11251G (gact)1CTTCCCCTACTCATCGCACT A~G
G12372A (gact)5CACACTACTATAACCACCCTAACCCT G~A
G13708A TAAACCCCATTAAACGCCTG G~A
C14766T gaAATGACCCCAATACGCAAAA C~T
T14798C CCCCTAATAAAATTAATTAACCACTCA T~C
C15904T g(gact)3CCGGTTTACAAGACTGGTGTATTA G~A

Table 3 Frequencies of previously established haplogroup-specific polymorphisms

Nucleotide H (226) I (14) J (33) K (47) T (46) U (42) V (8) W (8) X (11) Relative 
substitution 0.52a 0.032a 0.076a 0.108a 0.106a 0.097a 0.018a 0.018a 0.025a frequency

G709A 0.013 0 0 0.191 1 0.024 0 1 0 0.154b

G1719A 0.009 1 0.030 0 0.022 0 0 0 1 0.067b

A1811G 0.004 0 0 0.979 0 0.357 0 0 0 0.143b

G3010A 0.323 0 0.818 0 0 0.071 0 0 0 0.237b

T6365C 0.044 0 0 0 0 0 0 0 0 0.023b

T6776C 0.124 0 0 0 0 0 0 0 0 0.064b

C7028T 0.053 1 1 1 1 1 1 1 1 0.508b

G8251A 0 0.929 0 0 0.022 0 0 1 0 0.050b

G8697A 0 0.071 0 0.021 1 0 0 0 0 0.111b

G9055A 0.004 0 0 1 0 0 0 0 0 0.110b

A11251G 0 0 1 0 1 0 0 0 0 0.182b

G12372A 0 0 0 1 0 1 0 0 0 0.205b

G13708A 0.018 0 1 0 0 0.024 0 0 0.455 0.099b

C14766T 0.008 0.785 1 0.978 1 1 0 1 1 0.457b

T14798C 0 0 0.727 1 0 0 0 0 0 0.163b

C15904T 0 0 0 0 0 0 1 0 0 0.018b

Italics indicate the observed frequency of the polymorphism inside
the particular haplogroup.
aObserved incidence of the particular haplogroup in the European
population.
bObserved frequency of the polymorphism inside the European
population.

All nucleotide substitutions are indicated relative to the rCRS and
are designated by two letters bracketing a number: the first letter
denotes the L-strand nucleotide in the rCRS (revised Cambridge
reference sequence; [14]), and the second letter denotes the non-
rCRS allele. Data were compiled and summarized from [17].



Haplogroup assignment

Our genotyping strategy is based on the known phylogenetic net-
work of the mitochondrial genome. From publications on the phy-
logenetic history and geographical origin of human populations
[16, 17, 18, 19], we chose 16 candidate SNP sites, which in com-
bination are useful for the characterization of a haplogroup and
further have a reasonable frequency distribution in the populations
with respect to all nine major European haplogroups (H, I, J, K, T,
U, V, W, X) (Table 3). Individuals can be assigned to haplogroups
by following the branches of a bifurcating tree (Fig. 1).

Results and discussion

The evolution of the human mitochondrial genome is char-
acterized by the emergence of distinct lineages or haplo-
groups which are clusters of evolutionary closely related
mtDNA lineages. Nine European, seven Asian (including
Native American), and three African mtDNA haplogroups
have been identified previously on the basis of the presence
or absence of restriction enzyme recognition sites [16, 20,
21], by means of nucleotide sequences within the control
region [22, 23], and recently, as a result of complete mtDNA
sequences [17, 18].

Although forensic applications of human mtDNA vari-
ation outside the control region have been rare until re-
cently [8, 24], a growing number of potential SNP assay
sites are now available from human evolution studies [17,
25, 26]. Based on information available in the literature,
one can identify binary markers that define a well-sup-
ported and stable phylogenetic tree, which allows a sim-
ple screening strategy to be devised. We designed our typ-
ing method with four features in mind. Firstly, we needed
to type markers which define all nine major west Euro-
pean Caucasian haplogroups. Secondly, we needed addi-
tional markers which further discriminate within the hap-
logroups to raise the discrimination power. Thirdly, the
mutations at the sites selected should not have bio-func-
tional consequences, i.e. silent mutations on third codon
positions were preferred. Fourthly, amplification was de-

signed for very short DNA fragments (50~100 base pairs)
to raise the success rate for degraded DNA.

SNP genotyping

All 277 samples were successfully typed with the two
multiplexes, giving clear results for all 16 markers typed
(Fig. 2). The results of the SNaPshot reactions were con-
firmed by direct sequencing of the PCR products using
the control DNA 9947A (Promega Corporation, Madison,
WI). Macro-assisted evaluation of the raw data, with
macros written for Genotyper software (AB) and Excel
(Microsoft, Redmont, WA) enabled a very fast and correct
assessment of the individual profiles (the Genotyper macro
will be sent to interested researchers on request). Within
the multiplex II, two extraneous peaks were observed in
nearly all cases: in many cases there was a peak sized ~20
bases near the 13708A peak in the green channel,, and in
the red channel there was always an additional artefactual
peak ~5 bases 5’ to the 6365T peak. Causes for these ex-
traneous peaks are unknown, but may include primer hair-
pin extension and primer dimer extension. However, these
artefacts did not affect the SNP interrogation process, as
the Genotyper-macro disabled a labelling of peaks of that
size and colour, and no other peak was expected to appear
there.

Although heteroplasmy was not specifically tested, we
observed the coexistence of two populations of mtDNA
molecules with different nucleotide composition in two
individuals at one position each (Table 4 lines 3 and 7).

The length of amplified DNA segments varied between
70 and 100 base pairs, enabling short DNA fragments to
be amplified. The method proved to be very sensitive: the
major part of the samples (with average amounts of ge-
nomic DNA of 25 pg per assay) was typed by use of 28 am-
plification cycles; and even with very little amounts of ge-
nomic DNA (1 pg per assay) a full profile was obtained by
increasing the number of PCR amplification cycles to 32.
The sensitivity of the assay was tested in a preliminary study
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Fig. 1 Bifurcating decision
tree for haplogroup assignment



(data not shown) by amplifying a dilution series (0.5–100 pg
DNA) of the control DNA 9947A (Promega; 10 ng/µl).

Haplogroup assignment

All haplotypes found in this study are summarized in Ta-
ble 4. All nine major West-European Caucasian haplo-
groups (and two sub-haplogroups) were observed in our
sample, and only one individual did not fit into these pre-
defined haplogroups and was classified as “others”. This
individual most likely belongs to a rare west European hap-
logroup (e.g., R or Z) [25] or to the historical admixture
known to exist in the European population [27]. The phylo-
genetic tree is bifurcated by the presence or absence of the
C7028T nucleotide substitution (Fig. 1). European mtDNAs
lacking the C7028T site fall into haplogroup H, those re-
taining the site fall into the haplogroups: I, J, K, T, U, V,
W, and X. Haplogroup H encompassed 45.0% of the Aus-
trian Caucasians, and a further subdivision could be es-
tablished by the presence of the G3010A site (H1; 14.5%)
or the presence of the T6776C polymorphism (H3; 2.3%).
Haplogroup I is defined by the presence of nucleotide sub-

stitutions G1719A, G8251A and C14766T and accounts for
1.4% of Austrian mtDNA sequences. Haplogroup J is de-
fined by the presence of the polymorphisms A11251G,
G13708A and C14766T and accounts for 9.0% of the
studied mtDNAs. Haplogroup K is delineated by transi-
tions A1811G, G12372A, C14766T, and T14798C and is
found in 8.3% of the samples. Haplogroup T is defined by
the nucleotide substitutions G709A, G8697A, A11251G
and C14766T and is found in about 13.2% of Austrian
Caucasians. Haplogroup U is defined by the presence of
the G12372A and the C14766T polymorphisms and rep-
resents 18.8% of Austrian mtDNAs. Haplogroup V is iden-
tified by the presence of the C15904T site and is found in
about 1.4% of Austrian mtDNAs. Haplogroup W is found
in 1.4% of Austrians and is delineated by three character-
istic polymorphisms: G709A, G8251A, and C14766T.
Haplogroup X (1.4% of Austrian Caucasians) is charac-
terized by the two polymorphic positions 1719 G→A and
C14766T and can be distinguished from haplogroup I by
the lack of the G8251A polymorphism.

These proportions are in agreement with the findings
from surveys of European populations [17, 20, 21, 25]
(Table 5).

Phylogenetic analyses of the mtDNA control region
sequences (sequences provided by H. Niederstätter, Insti-
tute of Legal Medicine, University of Innsbruck) yielded
the same results as the haplogroup-identifications via the
16 coding region SNPs; the CR sequences were assigned
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Fig. 2a, b Example of results for the two SNaPshot multiplexes
from the same sample (assigned to haplogroup U). a Multiplex I,
b Multiplex II



to haplogroups by use of the diagnostic polymorphisms that
have previously been reported [16, 28] (data not shown),
and thus confirmed the assignment of the samples to the
haplogroups. However, haplogroups I and X could only
be distinguished by the presence of the G8251A site (hap-
logroup I) or by the use of control region sequences. In
this study, two individuals were clearly assigned to hap-
logroup I by characteristic control region sites, but lacked
the G8251A site. This situation was expected to happen,
as the frequency of this polymorphism in haplogroup I
was calculated as 92% (Table 3). But still, in many cases
it may be sufficient to know that the defendant derives
from the super-haplogroup IX, as this cluster accounts only
for 2.8% of the Austrian Caucasian population.

Random matching probability

The most common haplotype found was a profile match-
ing the rCRS, thus assigned to haplogroup H (24.5%).
Overall, 37 different lineages were found in 277 individu-
als, and 16 of them appeared only once in the dataset. The
probability of a random match between two unrelated in-
dividuals was calculated as 11.4%.

Mitochondrial polymorphisms and disease

Many mitochondrial polymorphisms are known to be as-
sociated with diseases, and certain European mtDNA hap-
logroups are prone to a genetic susceptibility for various
disorders [29, 30]. It is also widely anticipated that SNPs
will play a major role in discovering genes involved in
complex diseases such as Alzheimer’s disease, obesity and
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Table 4 mtDNA coding re-
gion haplotypes found in 277
Austrian Caucasians

Haplogroup Haplotype Number

H 7028C 69
H No difference 6
H 7028C – 8697R 1
H 7028C – 9055A 1
H 7028C – 709A 1
H1 3010A – 7028C 34
H1 709A – 3010A – 7028Y 2
H1 3010A – 6365C – 7028C 2
H1 3010A – 7028C – 11251G 1
H1 3010A – 7028C – 8251A 1
H3 6776C – 7028C 4
H3 3010A – 6776C – 7028C 1
H3 6776C – 7028C – 9055A 1
I 1719A – 14766T 2
I 1719A – 8251A – 14766T 2
J 3010A – 11251G – 13708A – 14766T – 14798C 17
J 11251G – 13708A – 14766T 4
J 3010A – 11251G – 13708A – 14766T 3
J 709A – 3010A – 11251G – 13708A – 14766T – 14798C 1
K 1811G – 9055A – 12372A – 14766T – 14798C 14
K 709A – 1811G – 9055A – 12372A – 14766T – 14798C 5
K 1811G – 8251A – 9055A – 12372A – 14766T – 14798C 2
K 709A – 1811G – 9055A – 12372A – 13708A – 14766T – 14798C 1
K 709A – 1811G – 12372A – 14766T – 14798C 1
T 709A – 8697A – 11251G – 14766T 31
T 709A – 3010A – 8697A – 11251G – 14766T 3
T 709A – 8697A – 11251G – 14766T – 14798C 1
T 709A – 8251A – 8697A – 11251G – 14766T 1
U 12372A – 14766T 26
U 1811G – 12372A – 14766T 23
U 8251A – 12372A – 14766T 2
U 1811G – 3010A – 12372A – 14766T 1
V 15904T 3
V 1719A – 15904T 1
W 709A – 8251A – 14766T 4
X 1719A – 14766T 3
X 1719A – 13708A – 14766T 1
Others 14766T 1



diabetes. Reflecting these expectations, the haplogroup defin-
ing SNPs for this study were selected carefully in terms of
having poor medical-genetic information, i.e. predominantly
third codon positions or positions with conservative amino
acid changes were considered for genotyping. As a matter
of fact, a recent study [30] reported a correlation of poly-
morphisms 9055 G → A and 13708 G → A with a mild
protective effect against Parkinson’s disease among women
and elderly people, respectively. Although we might never
be protected against new findings of mitochondrial dys-
functions, we are optimistic that this multiplex system
provides a good basis for haplogroup assignment, without
unintentionally becoming a tool for disease screening.

Forensic assessment

One of the discussions in the forensic community is the
number of STRs that are needed to be typed in order to
achieve the maximum exclusion probability in practical
terms. This issue is even more significant when mtDNA
markers are in question, due to the non-recombining na-
ture of the genome. It is accepted that the addition of an
informative mtDNA marker to the classical HV1/HV2 se-
quence may increase the power of discrimination up to a
certain point where it will not be possible to discriminate
more haplotypes and any extra information becomes re-
dundant. Therefore our strategy to tackle the problem was
to select a set of markers which meet certain conditions: to
discriminate between major European mtDNA lineages,
to have a substantial power of exclusion with a minimal
set of SNPs that may be targeted in two multiplex reac-
tions, and to be sensitive for degraded DNA or for low
amounts of intact DNA. The screening procedure pre-
sented here proved to be practical for unambiguously as-
signing haplogroup origin to unknown DNA samples, and
the method itself was shown to be very sensitive and suit-
able to type samples containing at least 1 pg genomic
DNA. The entire procedure may be completed in 1 day
and integrates easily with existing laboratory equipment.
In addition, the assay is well suited for use on highly de-
graded samples, as the amplicon lengths do not exceed
100 bp.

For comparison to an alternative approach for rapid
mtDNA screening, we calculated the power of discrimi-
nation for the 277 unrelated Austrian Caucasians with the
SSO binding sites as described in [31]. The SSO system
targets 15 mtDNA control region markers. The calculated
POD was 91.7%, compared to a POD of our SNP panel of
88.6%. The slightly lower discrimination power from our
panel is offset by the fact that the SNaPshot panels pro-
vide information that augments the information in the
control region. Therefore subsequent HV1/HV2-sequenc-
ing will not lead to redundant results, as when CR sites
are targeted. Apart from the ability to eliminate non-pro-
bative DNA samples from further investigations, the as-
signment of a sample to a certain haplogroup gives the in-
vestigator the possibility to target specific control region
fragments, which show a higher variability for certain haplo-
groups. Haplogroup U, for example, can be divided into
its sub-haplogroups U2 and U4 by sequencing HV3 [32]
of the CR (U2 is characterized by CR polymorphisms
340T and 508G, U4 can be distinguished by the presence
of the CR site 499A). Another example is haplogroup T:
this haplogroup shows its highest CR variability in HV1,
whereas HV2 shows mainly the “common” polymor-
phisms 73G and 263G. The information of the haplogroup
affiliation of an unknown sample, in combination with the
knowledge of sequence variability in the entire control re-
gion enables the investigator to selectively target specific
control region sites, and this strategy has the potential to
reduce reagent expense and sample consumption. This
novel, multiplex PCR amplification and typing system for
16 mtDNA coding region SNPs promises to be a conve-
nient and informative new DNA profiling system in the
forensic field.
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Table 5 Haplogroup frequencies in previously published studies

Haplo- Austrians (this study) Finns [25] Scandinavians [20] US Americans [21] US Americans [17]
group (N=277) (N=480) (N=86) (N=259) (N=435)

% % % % %

H 45 39 41.7 40.5 52
I 1.4 3 1.2 6.7 3.2
J 9.1 5 9.3 11.3 7.6
K 8.3 3 8.1 9.1 10.8
T 13 3 12.8 15.2 10.6
U 18.8 28 17.3 14.7 9.7
V 1.4 6 3.6 4.8 1.8
W 1.4 10 2.3 1.8
X 1.4 1 2.3 6.9 2.5
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