
Mixture interpretation: Experimental and simulated reevaluation
of qualitative analysis

Sho Manabe, Yuki Mori, Chihiro Kawai, Munetaka Ozeki, Keiji Tamaki ⇑
Department of Forensic Medicine and Molecular Pathology, Kyoto University, Graduate School of Medicine, Kyoto 606-8501, Japan

a r t i c l e i n f o

Article history:
Received 30 May 2012
Received in revised form 9 August 2012
Accepted 11 September 2012
Available online 22 October 2012

Keywords:
Forensic DNA typing
Short tandem repeat (STR)
Likelihood ratio (LR)
Heterozygote balance
Mixture analysis
Low template DNA (LCN)

a b s t r a c t

We present here analytical data using the 15 STR typing (Identifiler) kit regarding heterozygote balance
in experimental DNA samples including one or two persons. Surprisingly, the allelic imbalance was
observed even in samples consisting of only one person but adequate DNA for the standard protocol.
The variance of heterozygote balance was more expanded in two-person mixtures than in one-person
samples. Therefore, it is not suitable to use allelic peak heights/areas for estimating the genotypes of
the contributors such as the quantitative analysis. We also reevaluated the effectiveness of qualitative
analysis by simulation, i.e. consideration of the probability of all possible genotype combinations from
the typing results of a mixed DNA sample. As demonstrated, the qualitative analysis using 15 STR loci
is still extremely effective even in a mixture from two or three individuals.

� 2012 Elsevier Ireland Ltd. All rights reserved.

1. Introduction

In Japanese forensic casework, DNA typing for 15 autosomal
microsatellite or short tandem repeat (STR) loci using AmpF‘STR�

Identifiler� PCR Amplification Kit (Applied Biosystems, Foster City,
CA) is currently used for individual identification. As the kit is
highly sensitive, the correct genotype is usually identified with less
than 1 ng of human genomic DNA.

High sensitivity has also enabled analysis of mixed DNA sam-
ples in current forensic cases. In addition, forensic samples often
contain a low amount of DNA, or the DNA is degraded by environ-
mental factors including temperature, humidity, ultraviolet radia-
tion, pH, and microorganisms [1]. As a result, short allele peaks
are often observed in the electropherogram chart, and they are
prone to misinterpretation due to stochastic effects such as allelic
imbalance, drop-out, drop-in, and laboratory-based contamination
[2–5]. An allele from the minor contributor may not be distin-
guished from a stutter peak of the major contributor [6]. Due to
the complexity of mixture interpretation, mixed stains are rarely
analyzed in current Japanese forensic casework. However, forensic

demand of mixture analysis has increased in crime cases, espe-
cially sex-related offenses.

In several countries, guidelines for mixture interpretation have
been developed, and mixture analysis has been applied for forensic
practices [7–10]. In particular, considering the ratio of two allele
peak heights of a heterozygote, i.e. heterozygote balance (Hb or
H0b) [7,8,11–13] or peak height ratio [14] seems to be essential to
estimate genotypes of the contributors. The general definition for
heterozygote balance is H0b ¼ ua=ub, where ua is the peak height
(or areas) of the shorter allele, and ub is the taller one [7]. The
International Society of Forensic Genetics (ISFG) DNA commission
noted that if two independent alleles of a heterozygote are derived
from the same contributor, the H0b of the two alleles is more than
0.6 [7]. In the United Kingdom (UK) DNA working group’s report,
the H0b is P0.5 [8]. The recommendation of the threshold value
of H0b by ISFG was determined using the data from an original mul-
tiplex system of six STR loci [15] and the AmpF‘STR� SGM Plus�

PCR Amplification Kit [16], not the AmpF‘STR� Identifiler� PCR
Amplification Kit (Identifiler). It does not seem that the ISFG guide-
line considers the difference among the multiplex kits. In the UK
report, experimental data was not shown. Besides, investigation
of heterozygote balance in a mixture is insufficient, although het-
erozygote balance is used in practical analysis of mixed stains.

Another definition is Hb = uHMW/uLMW, where uHMW is the
height of the high molecular weight (HMW) allele, and uLMW is
the height of the low molecular weight (LMW) allele. Recently,
Bright et al. experimentally recommended that the Hb from a

1344-6223/$ - see front matter � 2012 Elsevier Ireland Ltd. All rights reserved.
http://dx.doi.org/10.1016/j.legalmed.2012.09.001

⇑ Corresponding author. Address: Department of Forensic Medicine and Molec-
ular Pathology, Kyoto University, Graduate School of Medicine, Yoshida-Konoe-cho,
Sakyo-ku, Kyoto 606-8501, Japan. Tel.: +81 75 753 4472; fax: +81 75 761 9591.

E-mail addresses: ktamaki@fp.med.kyoto-u.ac.jp, maruo@fp.med.kyoto-u.ac.jp
(K. Tamaki).

Legal Medicine 15 (2013) 66–71

Contents lists available at SciVerse ScienceDirect

Legal Medicine

journal homepage: www.elsevier .com/ locate/ legalmed

http://dx.doi.org/10.1016/j.legalmed.2012.09.001
mailto:ktamaki@fp.med.kyoto-u.ac.jp
mailto:maruo@fp.med.kyoto-u.ac.jp
http://dx.doi.org/10.1016/j.legalmed.2012.09.001
http://www.sciencedirect.com/science/journal/13446223
http://www.elsevier.com/locate/legalmed


heterozygote using Identifiler should be within the range of
0.6 6 Hb 6 1.66 [11,12]. However, it is difficult to evaluate the
range of Hb since the ratio of DNA amounts in two contributors
was not obviously shown.

We experimentally investigated the distribution for Hb using
pristine DNA samples of a one person and mixtures containing
two persons in Identifiler testing. Furthermore, usefulness of quan-
titative analysis, (i.e. taking account of peak heights/areas and re-
stricted allelic combinations in each contributor), was compared
to that of qualitative analysis, (i.e. not taking account of peak
heights/areas and considering all possible sets of genotypes about
in each contributor). In this comparison, we generated computer-
based mixtures of 2–5 persons and estimated the likelihood ratios
(LRs) in each mixture by qualitative analysis supposing that the
genotypes of only the suspect (S) or both the suspect and the vic-
tim (V) are known.

2. Materials and methods

2.1. Investigation of the variability in heterozygote balance

Genomic DNA from pristine blood samples donated by 32 indi-
viduals was extracted using the DNA Isolation Kit for Mammalian
Blood (Roche Applied Science, Mannheim, Germany) according to
the manufacturer’s protocol. Extracted DNA was quantified using
NanoDrop 1000 (NanoDrop Technologies, Inc.). Each sample was
then diluted in TE buffer (10 mM Tris–HCl, pH 8.0, 1 mM EDTA)
to 10 ng/ll. In order to raise the precision of concentration of the
DNA solution, the DNA concentrations in the diluted samples were
measured again in duplicate using the Quantifiler� Human DNA
Quantification Kit (Applied Biosystems), and the mean values were
used for preparation of DNA samples with one or two person(s).

DNA samples from 20 individuals were diluted in water to two
concentrations, i.e., 0.1 ng/ll (n = 20) and 0.05 ng/ll (n = 20). In
two-person mixed samples, we made 20 pairs of major contributor
(MA) and minor contributor (MI). In each MA and MI pair, DNA
mixture was prepared at the four ratios of 9:1, 4:1, 3:1, and 1:1,
and the total DNA concentration was adjusted to 0.1 ng/ll. The to-
tal DNA concentrations in all samples and the DNA concentrations
of MA in two-person mixed samples were within the recom-
mended concentration of the protocol of the Identifiler kit (0.05–
0.125 ng/ll).

All DNA samples were amplified in triplicate. The standard 28
cycle amplification protocol was used according to the manufac-
turer’s protocol for the following 15 STR loci: D8S1179 (D8),
D21S11 (D21), D7S820 (D7), CSF1PO (CSF), D3S1358 (D3), TH01
(TH), D13S317 (D13), D16S539 (D16), D2S1338 (D2), D19S433
(D19), vWA (vWA), TPOX (TPO), D18S51 (D18), D5S818 (D5), FGA
(FGA) and an Amelogenin gender marker (Am). PCR products were
then analyzed by a genetic analyzer (ABI 310xl, Applied Biosys-
tems), and the genotypes were determined by computer software
(GeneMapper v 4.0, Applied Biosystems). Using the value of rela-
tive fluorescent unit (RFU) obtained from an electropherogram
(EPG), Hb was calculated using non-overlapped heterozygote al-
leles derived from a contributor. The analytical threshold was
determined 50 RFU and peaks below the threshold were not con-
sidered in this study.

For the evaluation of the heterozygote balance, we adopted
Hb = uHMW/uLMW. The normal range of Hb equivalent to ISFG and
UK guidelines are 0.6 6 Hb 6 1.66 and 0.5 6 Hb 6 2.0, respectively.
The difference of Hb variances in samples of various DNA concen-
tration was investigated by F-test of equality of variances using
the R statistical software (version 2.13.1) [17]. Computed p-values
were corrected by Bonferroni method, and the level of significance
was 0.05.

2.2. Simulated likelihood ratios in suspect identification

The likelihood ratio (LR) compares the probabilities of the evi-
dence under alternative hypotheses. In mixed DNA investigation
of forensic cases, the two hypotheses of LR are the prosecution
hypothesis (Hp) and the defense hypothesis (Hd). Given in a two-
person mixed stain (M) and that all observed alleles can be ex-
plained by the genotype of the victim (V) and the suspect (S), Hp

means that M contains DNA of V and S, whereas Hd means that
M contains V and one unknown contributor (U). The LR of this case
is defined as follows:

LR ¼ PrðMjHpÞ
PrðMjHdÞ

¼ PrðMjV; SÞ
PrðMjV;UÞ

As for practical LR calculation, there are two approaches, quan-
titative analysis [18–21] and qualitative analysis [22,23]. Quantita-
tive analysis is generally expected to obtain the larger LR values
than qualitative analysis as long as the peak heights/areas have
fidelity to the amount of template DNA, while the latter approach
is free from prejudice and more conservative than the former one.

We adopted LR values by qualitative analysis in the present
study. First, based on previously reported Japanese allele frequen-
cies investigated by Identifiler kit [24], we generated genotypes of
50,000 simulated individuals and selected 10,000 individuals as S,
and another 10,000 ones as V. We then synthesized computer-
based 10,000 ‘mixtures’ including 2–5 persons. LR values were
evaluated in two scenarios, i.e., whether the victim’s DNA inclusion
in mixture is already known or not. In the former scenario, a sus-
pect and a victim, (and unknown person(s)) contribute to a mixed
stain (designated as ‘‘SV’’). In the latter scenario, ‘‘S’’ pattern, we
masked the victim’s contribution to the mixture, and consider only
a suspect and unknown contributor(s) in Hp.

We used a formula for the LR calculation of a DNA mixture in
qualitative analysis by Weir et al. [23]. The formula needs four
variables, i.e., the number of contributors in the mixture, the num-
ber of known contributors (SV or S), the profile of the mixture, and
the genotypes of known contributors. Using these variables, we
calculated the LR values in every case. The density of LR values
was estimated by Kernel Density Estimation (KDE) to draw graphs.
This simulation and density estimate were written in R language
(version 2.13.1).

As far as we know, there are few publications about the strength
of the LR value supporting the evidence. In this study, we tempo-
rarily used LR threshold = 1000 by Evett and Weir’s recommenda-
tion [25] and compared LR values of the minimum, 99% and 95%
lower limit (LL).

3. Results

3.1. Reproducibility of peak height values

In this study, experimental samples were amplified and geno-
typed in triplicate. The peak heights and Hb values varied even
from the aliquoted samples of a DNA solution amplified simulta-
neously (Fig. 1A and B). Allelic imbalance is the phenomenon in
which a calculated Hb value is not satisfied with the recommended
range. In general, low-template DNA has a high possibility to cause
allelic imbalance [2,4,5]. Surprisingly, allelic imbalance was ob-
served one time out of three in samples containing adequate
DNA to detect allelic balance i.e., 0.1 ng/ll one-person DNA
(Hb = 0.55 in Fig. 1A) and 0.09 ng/ll MA’s DNA (Hb = 0.43 in
Fig. 1B). Therefore, peak height values are sometimes poorly repro-
ducible and provide unreliable information even in standard DNA
analysis.
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