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ABSTRACT

The analysis of short tandem repeat
(STR) DNA sequences is of fundamental im-
portance to forensic science because they
have become the recognized standard in
constructing national public databases.
Consequently, considerable effort has been
expended in developing multiplexed (one
tube) reactions that analyze several loci in
combination. The implementation of STRs
in casework cannot take place without a full
understanding of the systems used. The pur-
pose of validation is to characterize multi-
plexes when one is challenged with forensic
samples. For example, mixtures are often
encountered that may be particularly diffi-
cult to interpret against a background of al-
lelic artifacts.

By increasing the number of PCR ampli-
fication cycles, it is possible to dramatically
boost the sensitivity of the system so that
just a handful of cells may be successfully
analyzed. However, interpretation is much
more complex because the origin of DNA
profiles may be less certain and complicat-
ed by issues such as contamination, the po-
tential for innocent transfer, and a predomi-
nance of mixtures.

This review provides a brief historical
background of the development of STRs in
forensic casework that culminated in the
creation of national DNA databases. The
development of guidelines to interpret com-
plex DNA profiles, such as mixtures, is out-
lined. Finally, the recent innovation of low
copy number DNA profiling is explained
along with the special considerations need-
ed to report in court.

DEVELOPMENT OF
MULTIPLEXED SYSTEMS

Early multiplexes consisted of few
loci that were based on simple short tan-
dem repeats (STRs). The four-locus
“quadruplex” was probably the first to
be widely used (44); because it consist-
ed of few STRs, the match probability
was consequently high—1 in 10 000. In
1996, a six-locus STR system (57,58)
combined with the amelogenin sex test
(61) was introduced—known as the
“second generation multiplex” (SGM).
Because this system utilized complex
STRs D21S11 and HUMFIBRA/FGA
(47), which have greater variability than
simple STRs, the match probability was
consequently decreased to 1:50 million.
In the UK, the introduction of SGM co-
incided with the implementation of the
UK National DNA Database (75). More
than a million samples are now stored
on the database. As databases become
much larger (numbering several mil-
lions), it is necessary to ensure that the
match probability of the system is suffi-
cient to minimize the chance of two un-
related individuals matching accidental-
ly. Consequently, a new system known
as the AmpFl STR SGM Plus (Ap-
plied Biosystems, Foster City, CA,
USA) (18) was introduced in 1999 and
comprised 10 STR loci and amelogenin,
replacing the previous SGM system.
The probability of a match between two
unrelated people is approximately10-13.
For a full DNA profile, our practice is to
report a default match probability of
less than 1 in 1 billion. This figure is
conservative relative to sampling error
and Fst corrections (25). To ensure the
continuity of the DNA database so that
the new system could be used to match
samples that had been collated in previ-

ous years, all six loci of the older SGM
system were retained in the new AmpFl
STR SGM Plus system.

Development and Harmonization of
National DNA Databases

The harmonization of STR loci has
been achieved by collaboration at the in-
ternational level. Notably, the European
DNA profiling group (EDNAP) carried
out a series of successful studies to iden-
tify and recommend STR loci for the
forensic community to use. This work
began with an evaluation of the simple
STRs, HUMTH01 and HUMVWFA
(43). Subsequently, the group evaluated
D21S11 and HUMFIBRA/FGA (31).
Recommendations on the use of STRs
have been published by the International
Society of Forensic Genetics (7,51).

To date, several European countries
have legislated to implement national
DNA databases that are based on STRs.
In Europe, there has been a drive to
standardize loci across countries to
meet the challenge of increasing cross-
border crime. In particular, a European
Community (EC)-funded initiative led
by the European Network of Forensic
Science Institutes (ENFSI) was respon-
sible for coordinating collaborative ex-
ercises to validate commercially avail-
able multiplexes for general use within
the EC (34). National DNA databases
were introduced in 1997 in Holland and
Austria, 1998 in Germany, and 1999 in
Finland and Norway. Furthermore,
databases are currently planned for
Belgium, Sweden, Denmark, Switzer-
land, and Spain. A parallel process is
occurring in Canada (28,67) and the US
(42) where standardization is based on
13 combined DNA index system
(CODIS) loci (Table 1).
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ily identified by reference to the scan
data in GeneScan® Analysis Software
(Applied Biosystems). This is not a pro-
blem with CE-based instrumentation.

Masking Effect

A mixture may not always be evi-
dent by the presence of multiple bands.
This would occur in cases where the
contributors to a mixture actually share
alleles at a particular locus. Consider
two individuals sharing the same alleles
(e.g., D18S51 14,14 and 14,15). If the
mixture ratio is 1:1, then the ratio of the
14:15 peak areas will be 3:1, respec-
tively, and pronounced peak asymme-
try will be observed.

Suppression of Amplification
Efficiency

Peak-area asymmetry outside the
normal range for a non-mixture may
occur because of a primer binding site
mutation. This has the effect of altering
annealing and melting temperatures,
which changes the amplification effi-
ciency and decreases the resulting sig-
nal. If a substitution mutation occurs at
the 3! end of the primer, then a mis-
match will result and amplification will
fail completely, resulting in a null al-
lele. The closer the substitution is to the
5! end of the primer, the less the effect
on the amplification efficiency.

Genetic Anomalies

Trisomy or translocations. Both
chromosome and gene duplications af-
fect all cells in an individual. In prac-
tice, it is impossible to tell the differ-
ence without resorting to genetic
analysis. If duplication is accompanied
by a deletion or insertion of a repeat
unit, then three bands of similar size are
generated (Figure 2).

If a gene is duplicated without addi-
tional mutation, then only two bands are
visible in a 2:1 ratio. In the example in
Figure 3, an XYY individual has a dou-
ble dose of the Y gene. Note that other
loci are balanced, and this argues against
the possibility of a mixture. In the multi-
plex described by Sparkes et al. (58), tri-
somy or translocation was observed in 1
in 2000 samples at each locus.

Somatic Mutation

If a somatic mutation occurs during
embryological development, then two
types of cells with different genotypes
may coexist, and this leads to a three-
banded profile (Figure 4). The peak ar-
eas will depend on the relative propor-
tion of the mutant cell and will not be
equivalent. This is arguably the most dif-
ficult condition to elucidate because it is
possible that not all tissues will demon-
strate somatic mutation. The incidence
of somatic mutation is variable—out of

120000 samples, not one has been ob-
served at the HUMTH01 locus, whereas
the incidence is approximately 1 in 5000
at the D18S51 and HUMFIBRA loci. It
is possible that some somatic mutations
will be indistinguishable from stutters;
therefore, these figures are probably un-
derestimates because they are only
recorded if unambiguous.

The genetic phenomena described
(trisomy, translocation, and primer
binding site mutations) can be verified
by the analysis of the reference sample,
which should also demonstrate the
same anomaly unless a tissue-specific
somatic mutation has occurred. In the
latter case, confirmation may depend
on a reference sample that has the same
origin as the case stain, although we
cannot completely rule out the possibil-
ity that the appearance of somatic mu-
tations could vary over time within tis-
sues such as the buccal lining, which
consists of rapidly dividing cells. 

To summarize, an understanding of
the behavior of the DNA profiling sys-
tem is important to assess potential mix-
tures. Loci will behave somewhat differ-
ently from each other, but it is possible
to generalize. Here are some of the key
features: (i) the smallest peak area of a
heterozygote will usually be greater than
60% of the size of its partner (peak area
or peak height); (ii) within the previous
guideline, the high molecular weight
peak is often smaller than the low mol-
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Figure 2. An example of trisomy showing three different alleles. D21S11 trisomy or translocation in the lower pane. Note that the bands are equivalent in
size. Allelic ladder in the upper pane. AmpFlSTR SGM Plus system.
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Groottes van pieken geven ook informatie,                      
mits we goed rekening houden met

• Stutter 

• Dropout

• Variatie grootte na/door amplificatie
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Abstract

Taking peak area information into account when analysing STR DNA mixtures is acknowledged to be a difficult task. There have been a number
of non-probabilistic approaches proposed in the literature, and some have been incorporated into computer systems, but comparatively little has
been published from a probabilistic perspective. Here we briefly review our previous work on using Bayesian networks to analyse two-person
mixtures within a probabilistic framework, and present preliminary results obtained for analysing two-person and three-person mixtures that
combine peak area information from multiple independent samples.
# 2008 Elsevier Ireland Ltd. All rights reserved.

Keywords: DNA mixtures; Bayesian networks; Multiple traces; Multiple contributors

1. Introduction

In a recent series of papers [1–3] we have presented a
probabilistic methodology for analysing peak area information
from DNA mixtures based on Bayesian networks. A
representative fragment of these networks is shown in Fig. 1
for a two-person mixture. This represents peak area information
on three alleles, denoted by a, b and c, of some marker system.
At the top we have two nodes representing the genotypes of the
contributors p1 and p2. On the next layer we have nodes such as
n1a that count the number of alleles of type a that person p1 has.
These nodes take values in the set f0; 1; 2g. They depend on the
genotypes of the persons, this dependence is represented by the
directed arrow from the genotype to the nia nodes. The u node to
the left represents the relative proportions of DNA in the
mixture from each contributor prior to PCR amplification, so
that the proportion from person pi is ui with u1 ! u2 " 1. From
the u proportions and the allele count nodes we calculate the
mean ma " #u1n1a ! u2n2a$=2, with similar formula for the
mean nodes mb and mc. These are the fraction of alleles of type
a, b and c for the marker in the mixture prior to PCR
amplification. The bottom layer of nodes represents the peak
areas of the individual alleles as measured by the PCR

apparatus after amplification of the mixture sample. We model
the stochastic variations in these areas by Gamma distributions,
where the Gamma distribution of the area for allele a depends
on the mean ma and has expectation proportional to ma;
similarly for alleles b and c. For further details of the Gamma
model and Bayesian networks, and how the probability
calculations are performed, see [1–3].

2. Results

In our previous papers [1–3] we have analysed peak-area
data on two-person mixtures taken from a variety of
publications. Here we illustrate the power of our methodology
for combining peak area information from two independent
samples that each have the same contributors.

In our first example there are two individuals. Two mixtures
were prepared in a laboratory, with each mixture having
approximately the same amount of DNA from each person. We
separated each mixture individually, and also separated the pair
of mixtures together.1 Our results are shown in Table 1. Using
only the first mixture, the genotypes of both contributors are
correctly identified on all markers. Using only the second
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mixture the profiles on two markers were not identified
correctly (as indicated by italics). When combining the two
traces both profiles were correctly identified on all markers,
with probabilities increased on all but one marker profiles. Note
especially the increase in probabilities in the profiles for

markers D3 and D19, which were incorrectly identified when
analysing the second mixture by itself.

In our second example, we consider three-person mixtures.
We analyse two laboratory prepared mixtures of differing
proportions, using the known profile of one of the contributors.
Our results are shown in Table 2. Incorrect classifications are
shown in italics. Using only the first mixture, only 3 of the 14
markers were correctly identified, whilst using the second
mixture by itself only 3 marker profiles were incorrectly
identified, these having low probabilities. However, when using
both markers together all marker profiles are correctly
identified. Note in particular the increase in probabilities for
the profiles on markers D5, D16, and TH01, none of which were
correctly identified with a single mixture analysis.

3. Summary

We have presented preliminary results from applying a simple
probabilistic model-based approach for mixture peak area
values, for what we believe is a novel example of combining peak
area information from independent mixture samples that have
DNA from the same set of contributors in order to enhance the
profile separation. Our results show the power and flexibility of
the Bayesian network approach. We intend to expand on our
findings elsewhere. In addition, the same approach can deal with
stutter peaks, and also possible kinship relationships between
contributors to mixtures: again we intend to publish more details
on the additional possibilities elsewhere. In our previous

Fig. 1. Bayesian network fragment for modelling peak areas in a mixture.

Table 1

Profile separation of a pair of two-person mixtures

Marker First trace only (correct all markers) Second trace only (correct 9 out of 11 markers) Both traces combined (correct all markers)

Amelogenin 0.6668 0.6392 0.7772

D2 0.4582 0.3838 0.6956

D3 0.8152 0.4854 0.8531

D8 0.6471 0.4831 0.7357
D16 0.6078 0.7534 0.7877

D18 0.4095 0.3574 0.6872

D19 0.4994 0.2928 0.6605
D21 0.7480 0.7485 0.8592

FGA 0.6727 0.6058 0.7701

TH01 1 1 1

VWA 0.3529 0.7656 0.7457

Each mixture was prepared in 1:1 ratio. They were analysed both individually, and also together assuming common contributors. Posterior probabilities shown are for
the correct profile, with incorrect identifications italicized.

Table 2
Profile separation of two three-person mixtures, each mixture taken separately

and then together assuming common contributors, using the profile of one

contributor in all three separations

Marker First trace

only 1:1:1

(correct 3 out
of 14 markers)

Second trace

only 1:5:2

(correct 11 out
of 14 markers)

Both traces combined

(correct all markers)

CSF 0.145 1.000 1.000
D2 0.178 1.000 1.000

D3 0.285 0.768 0.987

D5 0.432 0.190 0.883
D7 0.179 0.930 0.975

D8 0.270 0.739 0.776

D16 0.171 0.299 0.967

D18 0.126 0.999 0.999
D19 0.360 0.927 1.000

D21 0.154 0.997 0.997

FGA 0.400 0.892 1.000

TH01 0.009 0.212 0.529
TPOX 0.496 0.525 0.985

VWA 0.179 0.985 0.982

Posterior probabilities shown are for the correct profile, with incorrect identi-

fications italicized.
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Case 1: Fingernail scraping AHH352#2 (fingernails victim)
Case 1: Reference sample victim RFE206 (Fingernail scraping case)Case 1: Reference sample suspect RFN929 (Fingernail scraping case)

Suspect Victim

Mixture

Locus D19 (niet problematisch... (?))



Locus D19: prior

Veronderstel mengverhouding: 90:10



Locus D19: posterior

Veronderstel mengverhouding: 90:10



Wat zegt D19 over de 
meng-verhouding?CHAPTER 4. CALCULATIONS ON “THE SCORPION CASE” 86
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For this marker the peak profile reveals that:
Sgt=(15,17)
Vgt=(14,15)

Peak areas=
Allele number 14 15 17

Peak area 1064 1290 139

MATLAB histogram:





Mengprofiel komt zeer goed overeen met een  90-10     
mengsel slachtoffer-verdachte, behalve bij D18

D18 is meest bekend locus voor mozaicism wat bij      
minstens 1 op de 5000 personen voorkomt

Evidentiele waarde van mengspoor voor slachtoffer
+onbekende versus slachtoffer+verdachte+mozaicism
is sterker dan 1:10 000 (“very strong evidence”)

Evidentiele waarde van mengspoor voor slachtoffer+twee 
onbekendes versus slachtoffer+verdachte+onbekende
is sterker dan 1:10 000       <<<<<<



Ervaringen
• Het is mogelijk de afhankelijk van de 

inferentie op individuele “nuisance 
parameters” te visualiseren

• Onderschatting van statistische variatie leidt 
tot overschatting van evidentiele waarde van 
resultaat

• Aangezien we niet alle bronnen van variatie 
meenemen, is “overschatting” van wel 
meegenomen bronnen noodzakelijk, om 
verantwoord conclusies te trekken


