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Abstract Analysis of mtDNA variation using Sanger
sequencing does not allow accurate quantification of the
components of mtDNA mixtures. An alternative method to
determine the specific mixture ratios in samples displaying
heteroplasmy, consisting of DNA contributions from
several individuals, or containing contamination would
therefore be valuable. A novel quantification system for
mtDNA mixture analysis has been developed based on
pyrosequencing technology, in which the linear relation-
ship between incorporated nucleotides and released light
allows quantification of the components of a sample.
Within five polymerase chain reaction fragments, seven
variable positions in the mtDNA control and coding region
were evaluated using this quantification analysis. For all
single nucleotide polymorphisms quantified in this study, a
linear relationship was observed between the measured and
expected mixture ratios. This mtDNA quantification assay
is an easy to use, fast and accurate quantification system,
with the ability to resolve and interpret major and minor
mtDNA components in forensic mixture samples.
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Introduction

Forensic samples can be composed of a mixture of DNA
from more than one individual, making the interpretation of
typing results more complex. In analysis of multiple
autosomal STR markers, more than two peaks or unequal
peak areas being apparent for at least some markers in-
dicates a mixture. In many cases, it is also possible to
determine the profiles of a minor and a major contributor
based on differences in allele peak area [1]. Forensic mate-
rials that contain very minute amounts or degraded DNA
may not yield a STR result. In such situations, a mitochon-
drial DNA (mtDNA) analysis can be attempted [2—4]. The
routinely used Sanger sequence analysis of mtDNA is
robust and often successful due to the high copy number of
mtDNA per cell [5]. However, the results of an mtDNA
analysis may occasionally show a DNA mixture as a
consequence of multiple contributors, heteroplasmy or
contamination [6]. In contrast to STR analysis, quantifica-
tion of mixed samples based on mtDNA sequence analysis
is not feasible using the current sequencing methodology.
The ABI PRISM BigDye Primer Cycle Sequencing Ready
Reaction Kit (Applied Biosystems, Foster City, CA) is
commonly used for mtDNA analysis. Although this
chemistry can be used to easily and effectively determine
the sequence in single-source samples, the uneven peak
heights and sequence-dependent variation in dideoxynu-
cleotide incorporation efficiency prevent reliable quantifi-
cation of mixtures [7, 8]. Thus, mixtures can be detected
and visualised using Sanger sequencing, but the informa-
tion cannot be used to determine the relative quantities of
the different mitochondrial types, and in most cases
excluding heteroplasmy, the results are interpreted as
inconclusive. Resolution of mtDNA mixtures has been
demonstrated previously using alternative technologies
such as cloning, denaturing high-performance liquid
chromatography, fluorescent-labelled restriction fragments
and real-time polymerase chain reaction (PCR) [9-13]. An
alternative method to resolve and accurately quantify
multiple mtDNA species contributing to a sample is
pyrosequencing.
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Table 1 PCR and pyrosequencing primers for quantification of seven single nucleotide polymorphism (SNP) positions

SNP positions Primer Sequence (5-3") Fragment size
73 I45F ATGCATTTGGTATTTTCGTCTG
146 mii fFe ACCCTATGTCGCAGTATCT
195 I 162 F* CGCACCTACGTTCAATATTACA

IT 287 R-B TTGTTATGATGTCTGTGTGGAAAG 243 bp
3010 C 2988 F CGATGTTGGATCAGGACA

C 3216 R-B GGGTGGGTGTGGGTATAA 229 bp
7028 C 6990 F CTAGACATCGTACTACACGACA

C 7008 F* GACACGTACTACGTTGTAGC

C 7299 R-B TTACTGCTGTTAGAGAAATGAA 310 bp
12372 C 12346 F CACACTACTATAACCACCCTAA

C 12541 R-B CTCAGTGTCAGTTCGAGATAA 196 bp
14766 C 14747 F ATGACCCCAATACGCAAA

C 14949 R-B TGGGCGATTGATGAAAAG 203 bp

I Hypervariable region II of the mtDNA control region, F forward, R reverse, B biotinylated 5’ end, C coding region

“Internal pyrosequencing primer

Pyrosequencing is a technology based on the release of
pyrophosphate during strand elongation, which through an
enzymatic cascade process produces light when a nucle-
otide is incorporated into the elongating DNA polymer.
The light signal is proportional to incorporated nucleotides
and can be quantified for each site utilising the PSQ 96MA
SNP Software (version 2.02, Biotage, Uppsala, Sweden).
The allele quantification capability has been previously
demonstrated in a number of studies, including allele
frequency measurements in pooled DNA samples [14, 15]
and quantitative analysis of methylation status at CpG
islands [16]. Other studies involved gene copy number
determination [17, 18] and determination of allele-specific
transcript expression [19].

In this study, PCR fragments previously utilised for a
fast and simple pyrosequencing analysis of variation in the
mtDNA control and coding regions were used to assess
pyrosequencing-based quantification [20]. Seven polymor-
phic sites, three in the control region and four in the coding
region, within five PCR fragments were selected and used

Table 2 SNP variants and dispensation orders

to successfully quantify the mtDNA component species in
mixture samples.

Materials and methods
PCR design

Three highly variable mitochondrial control region posi-
tions (73, 146 and 195) within a single PCR fragment were
selected for the mixture quantification studies. In the
Swedish population, the frequency of the 73G variant is
56%, 146C is 14% and 195C is 19% (based on analysis of
350 D-loop sequences, unpublished results). In addition,
four coding region fragments containing highly variable
sites at positions 3010, 7028, 12372 and 14766 were
evaluated. Among 967 Caucasian coding region se-
quences, the frequency of the 3010A variant is 23%,
7028T is 45%, 12372A is 17% and 14766T is 51% (http://
www.genpat.uu.se/mtDB/). Primers for PCR and pyrose-

SNP Sequence (5'-3")* Dispensation order in SNP region”
73 GGGGGTG/ATGC CGGTGACTGC

146 GTCTTTGATTCCTGCCT/CCA CGTCTGATCTGCTCGA

195 GGCGAACATACT/CTA TGCGACATACTGA

3010 TCCCG/AATGGT GTCGACTGT

7028 C/TCACTTCCA GTCGACTCA

12372 CCCTG/AACTTCCC GCTGAGCTC

14766 AC/TTAACCCCCT GACTGACT

aThe SNP position is shown in bold
Two additional control dispensations per reaction are shown in bold
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quencing were designed using the Primer Express software
version 1.0 (Applied Biosystems). Previously designed
PCR and sequencing primers were used for quantification
of all SNPs except for site 7028 [20], where an internal
sequencing primer was designed. All reverse PCR primers
were 5'-labelled with a biotin molecule (Table 1).

DNA samples

DNA from the control individuals was extracted using a
salting out procedure from peripheral blood lymphocytes
[21]. Control samples for the mixture studies were selected
from a database of 350 Swedish individuals, all sequenced
for the mtDNA D-loop and a subset sequenced for mtDNA
coding region. Two individuals, with the mtDNA variants
73G, 146C, 195C and 73A, 146T, 195T, respectively, were
selected for the construction of a control region mixture
standard. For the coding region SNPs, a mixture standard
was generated using one individual carrying the 3010A,
7028C, 12372G and 14766C variants and another
individual with the 3010G, 7028T, 12372A and 14766T
variants. The DNA concentrations of the individual
samples were determined by measuring six replicates
using the NanoDrop ND 1000 spectrophotometer and
NanoDrop 2.4.7¢ software (NanoDrop Technologies Inc.,
Wilmington, DE). Samples were diluted to a final concen-
tration of 10 ng/pl. DNA from the two control individuals

for each of the two mixture standards (control and coding
region) were mixed in ratios of 0:100, 10:90, 20:80, 30:70,
40:60, 50:50, 60:40, 70:30, 80:20, 90:10 and 100:0. The
mixtures were made in a total volume of 200 pl, and the
final mixture standard DNA concentration of 10 ng/pl was
verified by measurements of four replicates using the
NanoDrop ND 1000 spectrophotometer. Although mtDNA
quantification is not routinely performed in most forensic
laboratories, quantification of mtDNA and nDNA using a
previously described real-time PCR assay of the mixture
standard series was performed [22]. The results were
demonstrating consistency between mtDNA quantity and
nDNA quantity in all mixtures of different ratios and
unmixed samples. Furthermore, the total amount of nuclear
DNA in unmixed samples and all mixtures in all ratios
corresponded well with the NanoDrop quantification.

Amplification

Amplification of the mixture standard series was performed
in a total volume of 35 pl containing 1x Gene-Amp PCR
Buffer II (Applied Biosystems), 1.5 mM MgCl,, 0.2 mM of
the different deoxynucleotide triphosphates (dNTPs),
0.2 uM of each PCR primer, 1 U AmpliTag Gold DNA
polymerase, and 1 pul DNA (10 ng/ul). The amplification
was performed in a GeneAmp PCR System 9600 (Applied
Biosystems) with 10 min incubation at 95°C followed by
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Fig. 2 Linear regression of the control region SNPs analysed in four replicates. The 95% confidence interval, based on individual estimates,

is indicated in the figure
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Fig. 3 Linear regression of the
coding region SNPs analysed in

four replicates. The 95% con-

fidence interval, based on indi-
vidual estimates, is indicated in

the figure
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cycling of 30 s at 95°C, 45 s at 53°C and 60 s at 72°C ylated PCR product through binding of the biotinylated

for 45 cycles. Finally, a 7-min elongation step at 72°C strand to streptavidin-coated Sepharose beads. Purification
was carried out.

Pyrosequencing and mixture quantification

was followed by annealing of 0.33 uM primer to 45 ul of
the single-stranded DNA. Pyrosequencing quantification
was performed using the PSQ96 Reagent Kit (containing
enzyme, substrate, and dNTPs) in a PSQ 96MA system
(Biotage). To the 73, 146, 12372 and 14766 SNP reactions,

Using the PSQ 96 Sample Preparation Kit (Biotage), 2 ul (440 ng) SSB (single-stranded DNA binding protein,
single-stranded DNA was purified from 25 pl of biotin- Amersham Biosciences, Uppsala, Sweden) was added. For

Table 3 Average measured mixture ratios and standard deviation values for all SNPs analysed in four replicate experiments

Expected 73G 146C 195C 3010A 7028C 12372G 14766C

Mix ratio Av. SD Av. SD Av. SD Av. SD Av. SD Av. SD Av. SD
0:100 10.3 1.4 0.8 1.0 34 1.0 0.0 0.0 2.8 0.6 0.0 0.0 0.0 0.0
10:90 22.1 1.3 11.1 1.3 13.5 34 7.5 2.3 10.1 1.3 11.0 0.2 14.5 0.8
20:80 34.6 0.5 25.6 1.7 24.9 1.6 24.4 2.1 25.6 2.1 27.6 1.1 31.6 1.3
30:70 44.2 1.8 35.7 0.9 36.9 0.9 29.4 2.1 29.1 1.7 31.1 0.7 41.8 2.3
40:60 53.9 0.3 45.1 0.7 46.6 1.1 38.4 1.6 36.5 0.3 40.7 1.2 49.2 1.9
50:50 61.7 0.8 54.3 2.6 53.8 1.0 47.9 2.2 46.5 2.2 51.8 2.8 60.2 3.1
60:40 70.9 1.0 62.8 0.6 64.7 1.7 56.9 2.3 54.1 1.7 61.2 1.2 70.1 2.2
70:30 76.6 0.9 71.3 0.8 72.9 1.4 66.5 0.9 65.4 1.2 72.4 1.9 80.6 2.8
80:20 84.1 0.8 78.1 2.8 81.1 2.0 78.1 2.1 72.2 1.1 78.7 1.0 86.9 1.0
90:10 89.6 1.5 85.8 0.9 90.4 1.5 87.2 1.3 83.0 2.2 88.7 2.5 94.3 3.0
100:0 96.2 3.0 100.0 0.0 96.1 1.5 100.0 0.0 92.4 0.7 95.3 3.0 100.0 0.0
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Fig. 4 Pyrosequencing mixture quantification at three control
region SNP positions in three different forensic evidence materials.
a DNA extracted from the lining of a wig. SNP 73 reveals, after
correction to the standard curve, 46% G (95% CI, 36-56). b DNA

optimal quantification results, the most favourable dis-
pensation order of nucleotides was determined (Table 2).
The quantification was performed using the PSQ 96MA
SNP Software version 2.02 (Biotage), and the results were
calculated using the AQ mode. The software calculates the

extracted from a bandage. SNP 146 reveals 19% C (95% CI, 12-26).
¢ DNA extracted from a piece of duct tape. SNP 195 reveals 14% C
(95% CI, 8-20). d Agarose gel image of PCR products from the
three different forensic samples and no-template controls

proportion of each nucleotide added during the synthesis
reaction [minimum, maximum, mean frequency and stan-
dard deviation (SD)] and provides an overall quality label
for each sample ranging from “passed” or “check” to
“failed.” The quality label check is shown, for example, if
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the substrate peak is too high or if the initial baseline is
abnormal. Samples showing low signal-to-noise ratios
or wide peaks will show a quality label of check or failed.
The data were exported to Microsoft Excel and SPSS
(Version 12.0.1 SPSS Inc., Chicago, IL) for further
statistical analysis.

Results

The two prepared mixture standard series, the control
region standard and coding region standard, were quanti-
fied for the different ratios of the two variants of the seven
selected SNPs. In Fig. 1, an example of quantification of
the 3010 SNP is shown, illustrating that one of the SNP
variants is slowly replaced (peak height relations are
changing) by the other variant (here G to A) in these 11
mixtures consistent with their ratios. The standard mixture
ratios and the experimentally measured quantity of the G
variant in the mixture are shown. The A variant of the SNP
is a part of a homopolymeric stretch with an A following
the SNP (TCCCG/AATGGT). This is, as expected, result-
ing in unequal peak heights of the two variants in the 50:50
mixture.

For evaluation of the quantification precision, the
measured mixture ratios in four replicate experiments
were plotted against the expected mixture ratios (Figs. 2
and 3). Quantification of SNP 146 within the control region
fragment showed a linear regression with a regression
coefficient of 0.95x, an intercept of 4.6 and an R* of 0.99,
although one of the variants is part of a four-nucleotide
homopolymeric tract (GTCTTTGATTCCTGCCT/CCA).
SNP 195 has an identical flanking nucleotide for both of its
variants that, in theory, could complicate quantification
(GGCGAACATACT/CTA). Despite this, the regression
coefficient, the intercept and the R? value were 0.94%, 6.3
and 0.99, respectively. The quantification of SNP 73
(GGGGGTG/ATGC) resulted in a regression coefficient of
0.86x, an intercept of 15.3 and an R? value of 0.98 (Fig. 2).
Although the R? value was close to 1 for this SNP, the slope
of the linear regression and the intercept was not optimal.
This might be corrected by an alternative assay design or
by using the linear regression equation to adjust the
unknown sample quantity according to the standard curve.
Quantification results of SNP 146 and 73 were slightly
improved by addition of SSB to the pyrosequencing
reactions, while the quantification results of SNP 195 were
optimal and did not require addition of SSB.

Quantification of the coding region SNP 3010 (TCCCG/
AATGGT) showed a linear regression coefficient of 0.98x,
an intercept of 0.0 and an R? value 0f 0.99. For SNP 7028, a
new internal pyrosequencing primer had to be designed.
Quantification results using the previously designed PCR
primer were suboptimal, giving a regression coefficient of
0.65x. With the use of the new primer, the regression
coefficient, the intercept and the R* value were 0.89%, 2.7
and 0.99, respectively, for this SNP (C/TCACTTCCA).
SNP 12372 (CCCTG/AACTTCCC) resulted in a regres-
sion coefficient of 0.95%, an intercept of 3.4 and an R’

value of 0.99 after addition of SSB. Also, SNP 14766 (AC/
TTAACCCCCT) required addition of SSB to minimize a
tendency for overestimated measurements of the C variant.
With addition of SSB, a regression coefficient of 0.99%, an
intercept of 7.4 and an R value of 0.98 were observed
(Fig. 3).

The linear regression coefficients for six of the seven
different SNPs (excluding SNP 73) ranged between 0.89
and 0.99x%, the intercepts between 0.0 and 7.4, and all the
R* values were 0.98 or 0.99. This demonstrates that
quantification of mixtures using this system and these
SNPs can be done with high accuracy. In Table 3, the
average measurements of the different mixture ratios are
shown together with the corresponding SD values. The
average SD per SNP varies between 1.2 and 1.7, ranging
between 0.0 and 3.4.

The mixture quantification assay was further tested on a
few nonprobative forensic materials displaying mixtures in
mtDNA sequence analysis. The samples showed mixtures
at several positions, but most sites involved rare variants.
Therefore, only one SNP in each sample was analysed from
the set of SNPs evaluated in this study. DNA material
collected from the lining of a wig, a bandage and a piece of a
duct tape were quantified by the real-time PCR to contain
1,810, 90 and 15 copies of input mtDNA, respectively
(5/100 pl extract used in PCR). In Fig. 4, mixture ratios at
the three control region SNPs (73, 146 and 195) are
illustrated in analysis of the different samples. As SNP 146
and 195 are parts of homopolymeric stretches, the total peak
heights at the positions involving the SNP do not corre-
spond to the actual mixture ratio. The sample from the duct
tape was from evidence material in a murder investigation
from 1996. Although the amplification product from this
old and limited material was weaker than for the other two
materials, the mixture quantification analysis of all ma-
terials was successful and consistent with the detection of
positions with mixtures in the sequence analysis.

Discussion

The pyrosequencing technology can be used for a wide
range of different applications. Previously, pyrosequencing
for sequence analysis of short stretches of mtDNA in
forensic analysis was demonstrated [20, 23]. One of the
advantages pyrosequencing technology offers over many
other SNP detection systems is that it can yield a
quantitative measure of multiple nucleotide variants at
any site being assayed. In this study, we have utilised this
quantification mode for determination of mtDNA con-
tribution in simulated and real forensic samples, with one
or several sites displaying mixtures in sequence analysis.
An assay for mixture quantification should be consid-
ered as an adjunct analysis to Sanger sequencing or other
mtDNA typing assays. Forensic samples are often found in
minute amounts and cannot be analysed many times.
Therefore, amplicons previously generated for sequence
analysis were also used in this study for quantification of
certain SNP positions to consume less of the precious



evidence material [20]. For best quantification results,
amplicons longer than 200 nucleotides and SNPs that are
part of a homopolymer exceeding two nucleotides should,
if possible, be avoided (manufacturer’s instructions,
Biotage). Furthermore, the SNP of interest should be
located as close to the sequencing primer as possible. To
achieve the dual use of the pyrosequencing system and due
to the fact that highly polymorphic mtDNA variants are
limited, some of the chosen SNPs reside within a
homopolymeric tract, and most PCR fragments are longer
than 200 base pairs. Despite this, five of the seven SNPs
used in the system could be successfully quantified, while a
correction factor could be applied for one SNP, and one
SNP required design of an internal sequencing primer
closer to the variable position. In the analysis of the two
mixture series, linear relationships were seen for the SNPs
quantified. The average SDs of each of the seven SNPs fell
within 1-2% (for ten replicate reactions) which is expected
for assays designed according to the manufacturer’s
instructions (Biotage). Consequently, this study illustrates
that a mixture quantification of SNPs can, in most cases, be
performed using previously developed PCR targets and
primers often without redesign, thus saving time and
valuable evidence material.

To limit reagent costs and handling, the non-biotinylated
PCR primer was used as the pyrosequencing primer in the
mixture quantification analysis. However, for SNP 7028,
an internal pyrosequencing primer had to be designed for
optimal quantification results. This SNP is located 17
nucleotides from the PCR primer, resulting in a 20-
nucleotide-long dispensation order. Furthermore, one of
the SNP variants is a part of a homopolymeric tract with a
C nucleotide both prior to and following the variable
position. By placing the internal sequencing primer next to
the SNP, the homopolymer was limited to one identical
flanking nucleotide, facilitating quantification. Initial
analyses of SNP 14766 resulted in a high intercept due to
higher-than-expected measurements of the C variant, likely
related to the downstream homopolymeric C stretch (data
not shown). However, addition of SSB overcame this
problem, resulting in accurate and reliable quantification.
Also, SNP 73 resulted in overestimated measurements for
the G variants and a high intercept. SNP 73 has no flanking
nucleotides identical to either of the two SNP variants and
is located only a few nucleotides from the primer and
should thus be an optimal SNP for quantification. How-
ever, a five-nucleotide-long G stretch immediately prior to
the SNP site might have complicated the quantification in
this case. For this SNP, the addition of SSB only slightly
improved the results, and a corrective calculation had to be
applied for quantification of unknown samples.

In forensic case-work investigations, it would be highly
desirable to differentiate a DNA sample with multiple
contributors from a single contributor sample displaying
heteroplasmy. Pairwise comparisons of mtDNA D-loop
sequences reveal on average eight nucleotide differences
for Caucasians [24]. While some mixtures may result in no
or a few sites displaying more than one nucleotide in the
pyrogram, most multiple contributor samples will demon-
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strate mixtures at several sites. Heteroplasmy occurs most
frequently in certain mutational hotspots, and the probabil-
ity of showing heteroplasmy in more than one position is
very small [25]. Multiple sites demonstrating a mixture can
also be caused by contamination by exogenous DNA.
Exogenous contamination adhering to the surface of
evidence materials such as hair, bones or teeth can be
removed by cleansing prior to DNA analysis [2, 26]. Other
materials such as blood-stained and saliva-stained materials
cannot be cleansed of exogenous DNA, and the results from
an mtDNA analysis of these materials should be interpreted
carefully. Moreover, it has been shown for Sanger
sequencing that when the ratio of sample to contaminant
is greater than 8:1, base-calling for the major component
will not be attributed incorrectly. Therefore, a limit ofa 10:1
ratio quantified by capillary electrophoresis has been
adopted for acceptable amounts of background contamina-
tion [2]. With the accurate quantification provided by
pyrosequencing technology, such thresholds should be
more than adequate for monitoring and evaluating the
effects of background assay contamination.

The results from this assay may be used to deconvolve
mixtures and attribute the multiple SNPs to specific mtDNA
types. In all cases when one SNP component was low, the
corresponding SNPs from the same contributing DNA were
concomitantly low (and similarly when high). Thus, as with
STR analysis, when mixtures are composed of a minor and a
major contributor, unequivocal determination of the two
contributing mtDNA types should be possible. Also,
consistent with STR analysis, when the contributions are
more equal, deconvolution will not be possible based on
quantification by pyrosequencing technology. In contrast,
cloning of mtDNA mixtures can display the actual sequence
of the different mtDNA species present in the sample.
Therefore, although more laborious, cloning can resolve
and quantify multiple mtDNA species when present in
relatively equal ratios. When interpreting mixture results,
one will assume the number of contributors, as is done in
STR analysis and likelihood ratio (LR) calculations [27].
Because of the known average nucleotide differences
among individuals, it may be possible to employ LRs to
lend support or refute the assumption of the number of
contributors.

This assay, as well as other assays developed for quan-
tification of mtDNA mixtures, will contribute to additional
costs and workload. However, mtDNA sequencing results
from many samples that are mixtures currently are deemed
inconclusive. A new design of primers followed by testing
for other SNPs than previously used in an assay might be
required in some instances. However, there are a few cases
in which the cost and labour that has to be invested
is worthwhile to obtain results, as opposed to calling them
inconclusive. The capability of excluding individuals
wrongfully associated with limited evidence as well as
assisting in identifying true perpetrators can be enhanced
by mixture deconvolution with pyrosequencing. In con-
clusion, this mtDNA mixture quantification system is an
alternative application of the pyrosequencing technology
that is useful in forensic DNA analysis. The microtiter plate
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format in the pyrosequencing assay allows quantification
of 96 or 384 SNPs within 10 min. Although this study
involved a limited number of SNPs, other positions can
easily be quantified following a few control experiments
and likely will not require primer redesign in most cases.
Pyrosequencing has been shown to provide a very rapid,
accurate, automatable and easy to use quantification system
that can be used in forensic case-work investigations to
resolve and interpret major and minor mtDNA components
from multiple individuals, determine heteroplasmy ratios
and monitor contamination.
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