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Research Article

A multiplex assay with 52 single nucleotide
polymorphisms for human identification

A total of 52 SNPs reported to be polymorphic in European, Asian and African popu-
lations were selected. Of these, 42 were from the distal regions of each autosome
(except chromosome 19). Nearly all selected SNPs were located at least 100 kb
distant from known genes and commonly used STRs. We established a highly sensi-
tive and reproducible SNP-typing method with amplification of all 52 DNA fragments
in one PCR reaction followed by detection of the SNPs with two single base exten-
sion reactions analysed using CE. The amplicons ranged from 59 to 115 bp in length.
Complete SNP profiles were obtained from 500 pg DNA. The 52 loci were efficiently
amplified from degraded samples where previously only partial STR profiles had been
obtained. A total of 700 individuals from Denmark, Greenland, Somalia, Turkey, China,
Germany, Taiwan, Thailand and Japan were typed, and the allele frequencies esti-
mated. All 52 SNPs were polymorphic in the three major population groups. The
mean match probability was at least 5.0610219 in the populations studied. Typical
paternity indices ranged from 336 000 in Asians to 549 000 in Europeans. Details of
the 52 SNP loci and population data generated in this work are freely available at
http://www.snpforid.org.

Keywords: Autosomes / Human identification / Multiplex PCR / Single base extension /
Single nucleotide polymorphism DOI 10.1002/elps.200500671

1 Introduction

SNPs have a number of characteristics that make them
ideal markers for human identification. First, they have
lower mutation rates than the STR and VNTR (variable
number tandem repeat) loci typically used for relationship
analysis inpaternityand immigration testing.Second, SNPs
can be analysed after PCR amplification of very short DNA-
regions surrounding the substitution site, making SNPs
preferable for anthropological and crime case investiga-
tions where the DNA is often degraded. Third, SNPs can be
genotyped with a growing range of high-throughput tech-

nologies; an important factor in the implementation of large
criminal DNA databases [1, 2]. Finally, SNPs, as binary
polymorphisms, are comparatively easy to validate, be-
cause precise allele frequency estimates, required for the
accurate interpretation of forensic genotyping data, can be
obtained by analysing fewer samples compared to those
needed for allele frequencies estimates of STRs and
VNTRs. Seeking to match the discriminatory power of the
10–15 multiple allele STRs routinely used in forensic inves-
tigations, a set of about 50 polymorphic SNP markers are
predicted to be required [3, 4]. Furthermore, it has been
suggested that 50 unlinked SNP loci with high overall het-
erozygosity should be sufficient to adjust for population
stratification in population-based associations studies [5].
SNPs thatare polymorphic inone populationmay be almost
or completely monomorphic in another population [6, 7],
while others are known to be polymorphic in all major pop-
ulation groups. Thus, it should be possible to select SNPs
that are useful for human identification purposes in the
majorityofpopulations, and tosupplement these withSNPs
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showing highly contrasting allele frequency distributions in
particular populations. These latter SNPs can provide valu-
able information for population admixture detection, in
addition to the estimation of biogeographical ancestry.

The SNPforID group (http://www.snpforid.org) is a con-
sortium supported by the EU GROWTH programme with
the following objectives: (i) selection of at least 50 auto-
somal SNPs suitable for the identification of persons of
unknown population origin and determination of allele fre-
quencies in the majorpopulation groups; (ii) developmentof
a highly efficient DNA amplification strategy for the simulta-
neous analysis of up to 50 independent SNPs in a single
assay; (iii) assessment of automated, high-throughput
DNA-typing platforms for reliable and accurate multiplex
SNP typing; (iv) assessment of the forensic application of
the high-throughput SNP-typing methods developed.

If SNP typing is to be a realistic alternative to STR typing in
forensic analyses and other fields of investigation where
the target material is scarce and often of poor quality, the
relevant SNP loci must be amplified efficiently in a single
multiplexed PCR reaction and preferably analysed with a
method that is well established and robust in routine use.

In this work we present five stages in the development of
an SNP-based human identification genotyping assay:
(i) a set of 52 unlinked autosomal SNPs that are highly
polymorphic in European, Asian and African populations;
(ii) a multiplex PCR amplification strategy that allows the
simultaneous amplification of 52 fragments in a single
reaction from as little as 500 pg DNA; (iii) an SNP detec-
tion system based on two sets of multiplexed single base
extension (SBE) reactions with 23 and 29 SBE primers,
respectively, that can be analysed in one CE run and
automated computer based allele detection; (iv) valida-
tion of assay reproducibility, sensitivity and robustness;
(v) determination of allele frequency distributions of each
SNP in 700 individuals from 9 European, Asian and Afri-
can populations as well as 9 animal species, including
46 samples from 6 primate species.

2 Materials and methods

2.1 Samples and DNA purification

A total of 700 samples (numbers in parentheses) from
Denmark (156), Greenland (149), Somalia (104), Tur-
key (96), China (63), Germany (49), Taiwan (43), Thai-
land (33) and Japan (7) were typed in duplicate. In addi-
tion, samples from unrelated chimpanzees (29), goril-
las (3), orangutan (1), baboons (2), rhesus macaques (5)
and Cynomolgous monkeys (6) were tested together with
dog (1), cat (1) and horses (2).

We used blood on FTA cards (Whatman) and DNA puri-
fied by phenol/chloroform extraction or the QIAamp DNA
blood mini kit (Qiagen). DNA concentrations were deter-
mined by real-time PCR using the Quantifiler Human
DNA Quantification Kit (Applied Biosystems) with the
ABI 7300 real-time PCR system (Applied Biosystems) or
by using SYBR Green I (Roche) with the LightCycler sys-
tem (Roche). The performance of the 52 SNP-plex assay
was also tested on DNA purified from paraffin-embedded
tissues and DNA from bones and muscle tissue samples
taken from seven human cadavers found under various
environmental conditions in crime cases.

All protocols were approved by the Danish ethical com-
mittee (KF-01-037/03).

2.2 Criteria for selection of SNP loci

The following SNP selection criteria were used when
choosing suitable candidate loci: (i) the size of the ampli-
con generated from optimum primer designs less than
120 bp; (ii) reported minimum 30% heterozygosity
(0.28 minor allele frequency) in at least one population,
and minimum 20% heterozygosity (0.17 minor allele fre-
quency) in all three populations; (iii) a freely assorting
marker set using SNPs from the distal parts of the p and
q arms of each autosome; (iv) a minimum distance of
100 kb between candidate SNPs and neighbouring
genes; (v) no likely association with the STR loci most
commonly used in forensic analysis; and (vi) flanking DNA
sequence reliably reported and free from interfering poly-
morphisms, such as nucleotide substitutions in potential
primer binding sites.

2.3 Marker selection in silico

Suitable regions were chosen for scrutiny using NCBI Map
Viewer (http://www.ncbi.nlm.nih.gov/mapview/maps.cgi/)
with alignments of the gene and variation maps following
the general guidelines described by Phillips [8] (2004). Only
loci marked on the gene map as ‘confirmed gene models
based on mRNA alignments’ were used to define gene-
free regions. In addition, SNP Browser (http://
www.allsnps.com/snpbrowser) and HapMap (http://
www.hapmap.org/) genome browsers were used as these
became publicly available during the search phase. Three
searches were performed using dbSNP builds 112 (p-arm
loci), 115 (q-arm loci) and 118 (supplementary loci) corre-
sponding to genome builds 28, 33 and 34, respectively.
From these searches, sets of 46, 67 and 25 SNPs were
selected giving a median two loci per p-arm and four loci
per q-arm from each autosome. We primarily selected
SNPs genotyped by The SNP Consortium, although these
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were supplemented by a small number of SNPs validated
by the Perlegen and HapMap genotyping initiatives. SNPs
from The SNP Consortium had been validated in most
cases using genotyped individuals from the three major
populations with an average sample size of 38 from each
group. Approximately 60% of SNPs scrutinized during the
selection process had insufficient variability in one or more
population groups using the comparative allele frequency
criterion previously described [8] (see also Section 2.2). In
the case of the third SNP selection of 25 loci, several
markers with limited variability in one of the three major
population groups were included to add predictive power
for population of origin. The final screening of SNPs before
assimilation into candidate pools involved examination of
the flanking sequence to ensure that the region available
for primer design (approximately 100 bp on each side of
the SNP) was free from clustering SNPs and low-com-
plexity sequence. In several cases, a single clustering SNP
was permitted and subsequently circumvented during
primer design. Simple sequence quality checks were per-
formed using the Fasta sequence report in dbSNP (http://
www.ncbi.nlm.nih.gov/SNP/). Candidate SNPs with a pro-
portion of low-complexity flanking sequence greater than
20% were rejected to ensure primer specificity before
starting the multiplex design process. Table S1 lists the
selected SNPs and the flanking sequences.

2.4 Selection of PCR amplification primers

PCR primers were designed to give amplicon lengths in
the range from 59 to 115 bps (Table S1). The aim was to
obtain a theoretical melting temperature of 60 6 27C at a
salt concentration of 180 mM and a purine:pyrimidine
content close to 1:1. All primer candidates were analysed
for primer-dimer formation, hairpin structures, homology
and complementarity to other primers in the multiplex
using Primer 3.2 (http://www-genome.wi.mit.edu/cgi-bin/
primer/primer3_www.cgi). Primer characteristics were
chosen to ensure equal PCR amplification efficiency for
all DNA fragments as previously described [9]. The prim-
ers were HPLC-purified and checked for homogeneity by
MALDI-TOF MS (DNA Technology A/S, Denmark).
Table S1 shows the sequences and the concentrations of
the amplification primers in the final multiplex PCR.

2.5 PCR conditions and purification of PCR
products

PCR amplification conditions were: 1–10 ng DNA in a
25 mL reaction volume containing 16 PCR buffer, 8 mM
MgCl2, 700 mM of each dNTP, 0.01–0.17 mM of each
primer and 2 U AmpliTaq Gold DNA polymerase (Applied
Biosystems). For the PCR inhibition study, haematin

(Sigma-Aldrich) was diluted to 15 mM in 0.1 N NaOH and
added to the mixture. Cycling was performed in a Gene
Amp 9600 (Perkin Elmer) or Eppendorf Mastercycler
gradient (Eppendorf) thermal cycler with the following
cycle programme: denaturation at 947C for 5 min followed
by 35 cycles of 957C for 30 s, 607C for 30 s and 657C for
30 s, followed by 7 min at 657C.

Excess primers and dNTPs were removed by using Min
Elute PCR purification spin columns (Qiagen). The PCR
products were eluted in 20 mL of Milli-Q water. Alternatively,
1 mL ExoSAP-IT kit (Amersham Pharmacia Biotech) or
0.75 mL (1 U/mL) shrimp alkaline phosphatase (Amersham
Pharmacia Biotech) and 0.023 mL (10 U/mL) Exonuclease I
(Amersham Pharmacia Biotech) were added to 2.5 mL PCR
product and incubated at 377C for 15 min, 807Cfor 15 min or
377C for 1 h, and 757C for 15 min, respectively.

2.6 Design of SBE primers

Two SBE multiplexes with 23 and 29 SBE primers,
respectively, were developed according to the guidelines
described by Sanchez et al. [9] (2004). The lengths of the
SBE primers were between 16 and 92 nucleotides. Size
intervals of five to six nucleotides were used for primers
shorter than 35 nucleotides and size intervals of four
nucleotides were used for primers longer than 35 nucleo-
tides (Table S2). The primers were checked for primer-
dimer formation using the AutoDimer program (http://
www.cstl.nist.gov/biotech/strbase/AutoDimerHomepage/
AutoDimerProgramHomepage.htm). The lengths of the
SBE primers were increased with tails of nonhuman
sequence and/or poly-dNTP stretches (see Table S2).
Opposite allele combinations (e.g. A/G with C/T)
were analysed in the same size interval whenever
possible.

2.7 SBE reaction and purification of the SBE
products

SBE reactions were performed in 8 mL with 1 mL of puri-
fied PCR product, 4 mL of SNaPshot reaction mix (Applied
Biosystems), 1 mL of SBE primer mix (0.01–0.27 mM,
Table S2) and 2 mL of Milli-Q water. The SBE primer mix
was diluted in 160 mM ammonium sulfate (Sigma-Aldrich)
to minimize primer-dimer artefacts. The SBE reaction was
performed in a GeneAmp 9600 or Eppendorf Mas-
tercycler gradient instruments with 30 cycles of 967C for
10 s, 507C for 5 s and 607C for 30 s. Excess nucleotides
were removed by addition of 1 mL (1 U/mL) shrimp alkaline
phosphatase to the SBE mix and incubation at 377C for
45 min followed by 757C for 15 min.
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2.8 Detection and analysis of the SBE products

Two microlitres of SBE product was mixed with 20 mL of Hi-
Di formamide (Applied Biosystems) and analyzed by CE
using ABI Prism 310, ABI Prism 3100 or ABI Prism 3100-
Avant Genetic Analyzers (Applied Biosystems) with 36 cm
capillary arrays and POP-4 polymer (Applied Biosystems).
The following modifications were made to the SNP36-POP-
4 default module of the GeneScan analysis 3.7 software:
Three extra washing steps were added (i) after injection of
the polymer, (ii) after the prerun and (iii) after the injection of
the samples using the spare water reservoir, SIT Water2.
The time that the capillary tips were immersed in the wash
buffers was increased to 60 s to minimize carry-over. The
run time was decreased to 300 s to allow sufficient spacing
between the two injections. Another GeneScan method file
was created to allow injection of the second SBE multiplex
without a capillary polymer fill stage by removing the steps
that fill the syringe and the capillary array along with the
prerun. The run time of the second injection was 1000 s. The
two GeneScan methodswere run sequentially bysaving the
methods with number sequence default module names in
the ABI 3100Data Collection 1.1 software using the Module
Editor. We used 22 s injections at 3000 and 2000 V in the
first and second injections, respectively. Analysiswas made
using GeneScan Analysis 3.7 with peak thresholds set to a
minimum of 120 relative fluorescence units (RFUs) (blue
color), 60 RFUs (green color) and 30 RFUs (yellow, red and
orange color). GeneScan-120 Liz internal size standard
(Applied Biosystems) was used in both injections but the
reference sizes were modified in the second injection to the
standard size plus 200 (Fig. 1).

Automated allele calls were made using Genotyper 3.7
(Applied Biosystems) macros. The macrosused are available
on the SNPforID website (www.snpforid.org). All peaks in the
size standard had to be detected and the peak height of the
largest peak in the electropherogram had to be a minimum of

1000 RFUs before analysis could proceed. Peaks detected
in predefined allele windows with peaks heights larger than
10% (blue color), 7% (green color) or 5% (yellow and red
colour) of the maximum peak height in the respective color
were labelled with allele names, peak heights and sizes. The
predefined windows were determined from prior analyses of
96 samples. The widths of the predefined windows varied
from 1 to 2 bp depending on the lengths of the extended SBE
primers. The ratios of the fluorophore emissions of the dR110
(blue), dR6G (green), TAMRA (yellow) and dROX (red) dyes
were approximately 4:2:1:1. A few windows had slightly dif-
ferent ratios due to locus-specific variations and the peak
heights were normalized accordingly. A maximum peak
height ratio of 3:1 after normalization was accepted as a
heterozygote. A minimum peak height of 400 RFUs (blue),
200 RFUs (green) or 100 RFUs (yellow and red) and a peak
height ratio of minimum 5:1 after normalization were accep-
ted as a homozygote.

2.9 Reproducibility and sensitivity

Validation of the 52 SNP-plex assay was, in principle, con-
ducted according to the revised guidelines of DNA analysis
of the ‘Scientific Working Group on DNA Analysis Methods’
(SWGDAM, http://www.fbi.gov/hq/lab/fsc/backissu/july2004/
index.htm). Multiplex PCR performance was assessed by
analyses of dilution series of genomic DNA (0.07, 0.14, 0.27,
0.55, 1.09, 2.19, 4.37, 8.75, 17.50, 35 and 70 ng) from two
individuals. The RFUs of each of the four dyes were collated
and normalised by dividing homozygote allele values by two.

2.10 Population studies

SNP characterization including allele frequencies, Hardy–
Weinberg equilibrium and linkage disequilibrium tests
was carried out using the SNP Assistant Program v. 1.0.9.

Figure 1. Analysis of the
52 SNP-plex assay. (A) Re-
sults of the first injection
(23 SNPs). (B) Results of the
second injection (29 SNPs).
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The Genetic Data Analysis software (http://hybrodictyon.
eeb.uconn.edu/people/plewis/software.php) was used to
estimate FST values [10] and exact tests for associations
between alleles at different loci. The software package
Arlequin v. 2 000 (http://anthro.unige.ch/arlequin) was
used to determine the molecular variance. Pearson coeffi-
cients (r) were calculated using Excel spreadsheets. Clus-
ter analysis was performed by assigning individuals to a
predefined number (K) of ‘inferred populations’ according
to their genotypes using the Bayesian approach imple-
mented in Structure v. 2.0 [11]. A model of admixture was
used that assumes individuals may have mixed ancestry.
All Structure v. 2.0 runs used 200 000 Markov Chain Monte
Carlo steps after a burn-in of length 200 000. Five inde-
pendent replicates were performed for each value of K,
and these gave consistent results. Posterior probabilities
of K were calculated using the values of ln P(X).K) where X
denotes the genotypes of the sampled individuals.

2.11 Autosomal STR typing and sequencing

STR typing was performed using the AmpFlSTR Identifiler
or the AmpFlSTR SGM Plus amplification kit (Applied
Biosystems). The PCR was performed as recommended
by the manufacturer.

Fourteen PCR amplicons carrying the SNPs rs1028528,
rs1029047, rs1979255, rs2016276, rs2046361,
rs2056277, rs2107612, rs2831700, rs354439, rs733164,
rs735155, rs901398, rs907100 and rs938283 were
sequenced in at least three individuals using the BigDye
Terminator Kit (Applied Biosystems) as recommended by
the manufacturer and analysed on an ABI Prism 377
Genetic Analyzer (Applied Biosystems).

2.12 Forensic statistical analysis

The power of discrimination was calculated as described
by Jones [12] (1972) using PowerStats (Promega). The
matching probability, mean exclusion probability and the
typical paternity index were calculated as described by
Brenner and Morris [13] (1989) using DNAVIEW 27.19.

3 Results

3.1 Selection of SNP loci and primers for PCR
and SBE

Three groups of candidate SNP loci fulfilling the criteria
described in Section 2 were collected from the NCBI SNP
database, AB SNP Browser and the HapMap genome
browser. The first group of 46 SNPs comprised 2–3 SNPs

from the distal region of the p-arm of each autosome (with
the exception of the gene dense chromosome 19), the
second group of 67 SNPs comprised 3–4 SNPs from the
distal region of the equivalent q-arm and the third group
contained 25 SNPs selected mostly from the large auto-
somes. The final selection of SNP loci for the multiplex was
determined during the phase of PCR primer design. The
SNP from each chromosome end that gave the best chance
tobe amplified asa short fragment ina large multiplex under
the conditions set for primer design was selected from the
first two candidate groups. No suitable loci on the distal
regions of chromosome 19 were found in this selection, a
finding not completely unexpected, since chromosome 19
has a very high gene density [14]. Another 12 loci, including
one SNP from chromosome 19, were selected from the
third group of loci bringing the total number of loci to 54. All
loci were successfully amplified in singleplex PCR and then
divided into two largemultiplexes with 23 and 31 fragments,
respectively. The two PCR multiplexes were optimized and
finally combined into a single multiplex with 54 loci. At no
point during this process was it necessary to replace any of
the originally designed PCR primers, emphasizing the
importance of strict adherence to clearly defined guidelines
for primer design when developing large multiplexes. Simi-
larly, only 5 of the 54 SBE primer designs were altered dur-
ing the development of the SBE multiplexes. Alternative
primers on the opposite DNA strand were needed in three
instances because the SBE reactions for these primers
were so efficient that it had a deleterious effect on the bal-
ance and stability of the multiplex extension reaction. In two
cases, the lengths of the SBE primers were altered to allow
more efficient analysis of the electropherograms.

During the multiplex development phase, the genomic
positions or the sequences surrounding the selected SNPs
underwent revision in no less than 35 of the 54 loci. This
arose from one major and several minor updates of the
reference sequence builds on which the dbSNP database
is founded, principally correcting numerous segments of
inverted sequences. In most cases, this had no impact on
the PCR or SBE primer designs. However, the new infor-
mation reported in dbSNP disqualified 2 of the 54 SNP loci
selected for the multiplex. In one case, SNP rs2145294
was reported as duplicated, and in the other case, a
revised position was given for SNP rs1360674 only 4.24 kb
from another selected locus on chromosome 1. This
reduced the final combination to 52 SNPs.

3.2 Analysis of the SBE reaction

We chose to use the ABI Prism SNaPshot Multiplex
System for generation of the SBE products because SBE
primers extended with a fluorescently labelled ddNTP can
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be detected with the CE equipment available in most for-
ensic genetic laboratories, including each of the con-
sortium laboratories. However, it was immediately clear
that all 52 SNPs could not be detected in one SBE reac-
tion in a five-colour electropherogram as it was impos-
sible to construct suitably spaced size windows for
104 possible alleles when four to six nucleotide spacing
between size windows in the same colour was needed
and the maximum size of extended SBE primers could
not realistically exceed 90 nucleotides [15, 9]. Therefore,
we decided to develop two SBE multiplexes with 23 and
29 SBE primers, respectively, and analyse the 52 SNPs in
two different electrophoretic runs.

On the ABI Prism 310 Genetic Analyser, it was possible to
inject the two SBE multiplexes shortly after each other in
the same capillary and thus analyse all 52 SNPs in one
data file. This was not possible with the ABI Prism 3100
Genetic Analysers because there is a default capillary
polymer fill stage between each injection. To address this
problem, we created a new GeneScan method file for the
ABI 3100 that allowed sequential injection into the same
capillary (see Section 2). During this work it also became
clear that the same SBE product analysed on an ABI 310
and on an ABI 3100 gave very different signal strengths.
On average, the sensitivity of the ABI 310 was only 20%
of the sensitivity of the ABI 3100, and most of the work
presented here (see below) was analysed using ABI 3100
or ABI 3100-Avant Genetic Analysers.

In the early phase of the optimisation of the SBE multi-
plexes, we observed some small, distinct peaks that did not
have the appearance of background noise. Addition of
ammonium sulfate to the SBE primer mix significantly
reduced the number of these nonspecific peaks, indicating
that several of the peaks originated from extension of prim-
er-dimers [16]. However, even after extensive optimisation
of the sample purification and the SBE reaction, certain
peaks were observed occasionally, mostly in the green dye
electropherograms. We assume that some of these peaks
originate fromnontemplate additionof fluorescentddATPto
the 3’-end of the shortest amplicons. Since the electropho-
retic mobilities of these amplicons are constant, we
designed the GenoTyper 3.7 allele calling macros to label
only the peaks in the predefined allele windows and ignore
peaks outside the prescribed size windows.

The largest concern during analysis of the electro-
pherograms was the difference in fluorophore emission
from the four fluorophores dR110 (blue), dR6G (green),
TAMRA (yellow) and dROX (red) used in the SNaPshot Mul-
tiplex System. On average, the ratio between the signal
strengths of the colours was 4:2:1:1, and the peak thresh-
olds in GeneScan 3.7 and the rules for heterozygous and
homozygousallelecallshad tobeadjusted accordingly (see

Section 2). For the large majority of the samples, this was
sufficient to ensure robust and reproducible analysis of the
electropherogram. However, for some weakly amplified
samples, the differences in signal strengths of the four col-
ours gave rise to ‘no calls’ for certain SNPs. All 700 samples
analysed in the population validation work were typed twice
and 80% of the samples gave results for all 52 SNPs in the
first and second runs. In the other 20% ofsamples, between
one and five of the 52 SNPs were designated no call in one
of the typing runs, and a third analysis using increased
amount of DNA in the PCR was necessary to make the cor-
rect allele call. No call results were equally likely in all SNPs
and not confined to particular loci.

3.3 Validation of the 52 SNP-plex assay

PCR and SBE primers were distributed to the four con-
sortium laboratories along with ten blood samples spotted
on FTA cards. The ten samples were typed in all labora-
tories with identical results and this test was used to vali-
date the successful implementation of the 52 SNP-plex
assay in each laboratory before more extensive typing of
samples began. In general, genomic DNA purified from
blood by phenol/chloroform or column based methods
were used in the PCR reaction, but Chelex-purified DNA
also gave satisfactory amplification of all 52 SNP loci.

In order to analyse the performance of the multiplex PCR
and SBE reactions, sequential dilutions of DNA from two
different samples purified by the QIAamp DNA blood mini
kit were made and different amounts of DNA from 68 pg
to 70 ng were used in the PCR reaction (Fig. 2). As
expected, allele drop-outs and unusual peak height ratios
for heterozygote SNPs due to stochastic phenomena in
the PCR reaction [17] were frequently observed when less
than 200 pg of DNA was used. However, a complete SNP
profile was obtained for both samples from only 500 pg
DNA. The electropherograms with the best peak balance
were obtained with 1–17 ng DNA, but acceptable results
were also obtained with up to 70 ng DNA.

The influence of PCR inhibitors on the multiplex PCR was
tested by addition of porcine haematin, a haeme deriva-
tive that is known to inhibit Taq polymerase [18]. Three
samples with 10 ng template DNA were treated with
haematin to final concentrations of 5, 10, 15, 20, 25, 30,
35 and 40 mM. Reduced PCR amplification products were
observed with 5 mM haematin and complete inhibition of
the PCR with 10 mM haematin (data not shown).

The DNA-regions surrounding 14 SNPs were sequenced to
verify the allele calling of the SBE reactions. For each SNP,
sequences for at least three individuals were obtained. All
sequences were in agreement with the SNP-typing results.
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Figure 2. Sensitivity of the 52 SNP-plex assay. Different
amounts of genomic DNA (0.07, 0.14, 0.27, 0.55, 1.09,
2.19, 4.37, 8.75, 17.50, 35 and 70 ng) from two individuals
were used. RFUs of each of the four dyes were collated
and normalized by dividing the RFU values from homo-
zygote alleles by two. Normalised average RFUs are
shown as a function of the amounts of template DNA in
the multiplex PCR on a log10 scale. Error bars indicate the
S.E.Ms.

The 52 SNP-plex assay was tested with DNA from dog, cat
and horse, as well as 46 individual samples representing
6 different primate species. In total, 46 of the 52 SBE prim-
ers were extended in the SBE multiplexes in one or more of
the primate species. In chimpanzees, 44 loci were typed,
37 loci were typed in orangutans, 36 in gorillas, 23 in
baboons, 22 in rhesus monkeys and 21 in Cynomolgous
monkeys. No amplification was detected from the dog, cat
and horse samples. Table S3 shows the results obtained
from the 46 primate samples, each sample being homo-
zygous for all loci with the exception of 2 out of 29 chim-
panzees that were heterozygous for SNP rs2056277 (#28).
For the lociwhere SBE productswere detected inmore than
one primate species, the same allele was observed in most
cases. However, in five loci both the known human alleles
were detected among the primates tested. For the other
41 loci, the frequencies of the alleles observed in primates
indicated that the proposed ancestral alleles (alleles found
in the last common ancestor of humans and chimpanzees)
were marginally more frequent in Somalis (average: 0.53)
than in Europeans and Asians (average for both: 0.48).

3.4 SNP allele distributions in nine different
populations

A total of 700 samples from 9 different populations were
typed with the 52 SNP-plex assay and the allele fre-
quencies in each population determined (Table S4). The

populations were divided in three groups: Somali, Asian
(Chinese, Taiwanese, Thais, Greenlanders, Japanese)
and European (Danes, Germans, Turks), and the com-
bined allele frequencies compared to the allele fre-
quencies in three major population groups; African–
American, East Asian and European reported by The
SNP Consortium, Celera and the RealSNP databases
(Table S4, March 2005 release). The observed allele fre-
quencies deviated by an average of 0.08 (156 compar-
isons) from the database allele frequencies, with a range
from 0.00 to 0.31. Pearson correlation coefficients (r)
were calculated to measure correlations between the
allele frequency estimates in our grouped populations
and the database allele frequencies. The correlation
coefficients were r = 0.80 (Danes, Germans, Turks vs.
European), r = 0.72 (Somalis vs. African-American) and
r = 0.83 (Chinese, Taiwanese, Thais, Greenlanders and
Japanese vs. East Asian). Similarly, correlation coeffi-
cients between allele frequencies from combinations of
our nine populations and those of three of the four listed
populations in the HapMap database were calculated.
Not all of the 52 SNPs have been genotyped by Hap-
Map, but where allele frequency estimates were listed,
appropriate population groupings were compared:
r = 0.51 (39 SNPs for Somalis vs. Yoruba in Ibadan,
Nigeria), r = 0.94 (41 SNPs for combined Danes and
Germans vs. Utah residents with ancestry from northern
and Western Europe) and r = 0.96 (36 SNPs for com-
bined Taiwanese and Chinese vs. Han Chinese in Beij-
ing, China).

Cluster analysis using the model-based approach imple-
mented in Structure v. 2.0 was performed with the
700 individuals. The splitting order illustrated in Fig. 3,
was as follows: at K = 2, one cluster contained Somalis,
Turkish, Danes and Germans, whereas Asians and
Greenlanders were grouped together in another cluster.
Each increase in K split one of the clusters obtained with
the previous value. Thus, at K = 3, Somalis were sepa-
rated from Turkish, Danes and Germans without altering
the Asian and Greenland group. At K = 4, Greenlanders
clearly split from the East Asian group. Higher values of K
produced further equitable membership coefficients
within the European and Middle East individuals without
modifying the patterns of the other clusters (the propor-
tion of the sample assigned to each population is roughly
symmetric indicating lack of further substructure within
these populations). The posterior probability was almost
equal to one for K = 4 and virtually zero for other K values.
Several individuals had high membership coefficients in
more than one cluster. For instance, at K = 4, Somalis
included two individuals with clear ancestry coefficients
from the main European group, while the opposite pattern
was seen in individuals in the European cluster (Fig. 3).
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Figure 3. Cluster analysis. Each bar represents a single individual, and colours correspond to the
coefficients of ancestry.

The genotype distributions of SNP rs907100 (#38) dif-
fered from expectations based on Hardy–Weinberg equi-
librium in six of the nine populations due to an excess of
individuals typed as homozygotes (w2 = 12.04, p ,0.05)
and the deviations were still significant in three popula-
tions after Bonferroni correction [19]. In response to this,
we are currently testing a new reverse PCR primer in
100 mother–father–child trios from Denmark and Somalia
in order to determine whether the observed disequilibrium
is related to a recently described SNP in position 9 from
the 3’ end of the reverse primer. The remaining SNP gen-
otype distributions all matched expectations. Average
heterozygosities were 0.44, 0.41 and 0.38 in Europeans,
Somalis and Asians, respectively. The lowest hetero-
zygosity was found in the Greenland and Taiwanese
groups (both 0.37).

Association of alleles across loci (linkage disequilibrium –
LD) was estimated using the w2-test, the pL10 coefficient
[20] and the Exact test [21]. LD tests for pairs of SNPs on
the same chromosome demonstrated no significant
deviation from the expectations (p .0.05 after sequential
Bonferroni correction).

Table S5 shows analyses of variances for all 52 markers in
European (FST), Somali (Fis) and Asian populations (FST

including Greenlanders). The FST values ranged from
0.003 to 0.217 with a mean of 0.07. The distribution of the
FST values is shown in Fig. 4. The tendency to bimodality
was mainly due to the contribution of the European
populations.

The allele distribution pattern showed uniformity in the
studied populations with approximately 93% genetic
variability within populations. To determine the distribu-
tion of residual genetic variance, we grouped the popula-
tions into Europeans, Somalis and Asians (including
Greenlanders) and calculated the F statistics. Low values
of both inter- and intragroup variability (FCT = 0.054;
FSC = 0.035) were observed in each case.

3.5 Forensic statistics

The combined mean match probability using the 52
SNPs was between 5.0610219 (Asian) and 5.0610221

(European), corresponding to a combined power of
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Figure 4. FST distribution of the 52 autosomal SNPs.
Values were calculated for a global population including
700 individuals from Denmark (156), Greenland (149),
Somalia (104), Turkey (96), China (63), Germany (49), Tai-
wan (43), Thailand (33) and Japan (7).

discrimination of 99.9999 and 99.99999%, respectively
(Table 1). We performed pair-wise comparisons of the
700 samples typed in the validation study. The average
number of identical SNP loci between two unrelated indi-
viduals was 21 with a minimum of 7 and a maximum of
41 matching loci (Fig. 6).

The typical paternity indices [13] obtained with the
52 SNPs ranged from 336 000 in Asians to more than
549 000 in Europeans, corresponding to a mean exclu-
sion probability of 99.91 and 99.98%, respectively. In
motherless cases, the typical paternity indices ranged
from 2880 (Asian) to 4640 (European) (Table 1).

3.6 Typing of partially degraded DNA from crime
case samples

Purified DNA from bone, muscle or other tissues collected
from seven cadavers found under different environmental
conditions and in various stages of decomposition,
obtained previously as part of crime case investigations,

Figure 5. Representative
electropherograms of (A)
AmpFlSTR SGM Plus and
(B) 52 SNP-plex assay typ-
ing of a sample with partly
degraded DNA. A total of
2.6 mL of 0.4 ng/mL DNA was
used in the PCR amplifica-
tions.
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Table 1. Forensic statistical parameters

European Somali Asian

Mean match probability 5.0610221 1.1610219 5.0610219

Combined power of discrimination .99.99999% .99.9999% .99.9999%
Mean exclusion probability 99.98% 99.95% 99.91%
‘Typical’ paternity index (trios) 549 000 337 000 336 000
Typical paternity index (motherless) 4 640 3 160 2 880

Figure 6. Distribution of the number of identical SNP loci
found in unrelated individuals. Values were calculated for
700 individuals belonging to nine different populations.
Total number of comparisons was 244 650.

were analyzed for ten STR loci using the AmpFLSTR
SGM Plus PCR Amplification kit. The short-PCR frag-
ments in the STR kit were amplified efficiently whereas the
longer fragments (more than 200 bp) were very poorly
amplified or not amplified at all (example shown in
Fig. 5A), suggesting that the DNA was partially degraded.
A series of dilutions of DNA from the seven samples were
made and different amounts of DNA were used in the 52-
plex PCR. When using concentrations identical to those
used in the AmpFlSTR SGM plus PCR (approximately 0.5
and 1 ng), all 52 SNPs were successfully typed (example
shown in Fig. 5B). At lower concentrations (approximately
0.225 ng), the 52 SNP-plex assay also gave full SNP pro-
files for six of the seven samples (data not shown). Five of
the SNPs (rs717302, rs729172, rs1015250, rs1528460
and rs1886510) consistently gave weak signals suggest-
ing that they perform poorly under these conditions, but
this did not correlate with the sizes of the amplicons; the
sizes of the amplicons for these loci varied from 60 to

115 bp. Similarly, no relationship was observed between
the amplicon sizes and successful SNP allele calls when
genotyping the 700 blood samples (see above).

4 Discussion

This study demonstrates that it is possible to construct
large, sensitive multiplex PCR assays for the detection of
more than 50 SNPs for forensic applications. As a result, a
set of SNP markers carefully tailored for use in human
identification and readily genotyped with established
technology is now available to the forensic community.
STR typing is the most commonly used typing method for
forensic genetic investigations in crime casework, but this
technique may not always give conclusive results in cases
with heavily degraded DNA [22]. In such instances, the size
of the amplicon to be investigated is critical. With the
widely used STR markers, the lengths of the amplicons
range from approximately 100 to 400 bp. Efforts are being
made to reduce the amplicon lengths of STR systems cur-
rently in routine use [23, 24]. In addition, new shorter STR
loci are being identified and tested for practical forensic
use [25]. SNP typing has the advantage that amplicons
less than 60 bp in length may be investigated because the
length of the amplicon is restricted only by the composi-
tions of the flanking sequences and the lengths of the PCR
primers. Therefore, in the 52 SNP-plex assay outlined here,
amplicons have a maximum size of only 115 bp.

The most important factors allowing the construction of the
present 52 SNP-plex assay were (i) a careful selection of
primers to avoid intra- and interactions between the prim-
ers; (ii) high-quality primers that are pure and homogene-
ous; and (iii) careful balancing of the PCR multiplex and the
SBE multiplex reactions [9]. Until now, only a few large mul-
tiplexes have been reported [26], but larger multiplexes that
are constructed based on the same principles as the pres-
ent 52-plex are emerging, e.g. packages with Y chromo-
some SNPs [15, 27] or autosomal SNPs with contrasting
allele frequency distributions in different populations useful
for the estimation of the population of origin (Phillips et al., in
preparation). In order to speed up the typing process and
keep costs low, we developed a double injection method
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that has the advantage that both the 23-plex and the 29-
plex SBE products can be investigated in the same elec-
trophoresis run and computer analysis. In addition, auto-
matic allele calling macros have been developed and are
available for use with this SNP set. These macros reduce
both the analysis time involved and the risk of allele calling
errors. Overall, the 52 SNP-plex assay performed well in
four different laboratories when reaction mixtures were sent
to the participating laboratories on dry ice. Preliminary
results demonstrated that the 52-plex also performed well
when applied to other SNP-typing platforms. Currently, 48
of 52 SNPs have been successfully incorporated into the
Sequenom MassArray MALDI-TOF-based genotyping
assay (Phillips et al., unpublished), and 39 of the 52 SNPs
have been implemented successfully onto the Nanochip

Molecular Biology Workstation (Balogh et al., unpublished).
Furthermore, we are also implementing the 52-plex into
alternative MALDI-TOF-based assays [28], conventional
microarrays and oligonucleotide ligation-based assays.

The lack of polymorphism in various primates allowed the
recognition of the ancestral allele in 41 of the 52 SNPs
analysed. For five of the SNPs, both human alleles were
detected in the primates studied. It is not possible to
conclude whether this was caused by a higher mutation
rate at these loci compared to the average SNP mutation
rate, or if the observation reflects that the substitutions
appeared before the genetic divergence of the primates
studied and present-day humans.

The observed allele frequencies deviated on average 0.08
(maximum 0.31) from those reported by The SNP Con-
sortium, Perlegen and HapMap databases when our data
were pooled into three major groups. In the few cases
where large frequency estimate differences were
observed, it is possible that these resulted from diver-
gence between the listed populations and those we ana-
lysed or that the samples sizes used in the SNP database
validation were small or unrepresentative.

Although we had selected SNPs with allele distributions as
close to 0.5/0.5 as possible in Europeans, Asian and Afri-
can populations, using Cluster analysis (Fig. 3), we
observed a broadly comparable population-grouping pat-
tern to that found in a previous study in which a con-
siderably higher number of polymorphic markers were
used [29]. Although the interpretation of the patterns in our
case requires caution due to our limited range of sampled
populations and the very limited number of SNPs as well as
the low power of the majority of the SNPs for prediction of
the origin of population of individuals, grouping individuals
into appropriate principal regions gave consistent results
that provided a high correlation between predefined
populations, geography and the inferred clusters. How-
ever, if one wants to use SNPs for prediction of the origin of

population, the SNPs should be selected for this specific
purpose. The observation that several individuals exhibited
high membership coefficients in multiple clusters indicates
a degree of coancestry in some of the populations sam-
pled, suggesting some population admixture. This is con-
sistent with the hypothesis that human populations are not
discrete groups, since admixture commonly occurs be-
tween neighbouring populations [30]. However, the use of
a limited number of SNPs in our analysis could also have
contributed to the extent to which multiple group mem-
bership was observed.

For the European and East Asian population groups, we
observed high-correlation (r) values when comparing the
allele frequencies of the present study with those of Hap-
Map. In contrast, the coefficient of correlation between
the Hapmap Yoruba Nigerian population and our Somali
populations was much lower, and this mirrors the high
genetic diversity of the African continent [31, 32]. Clearly,
further studies and a broader range of population sam-
ples from this continent will be needed to refine our
knowledge of the allele frequency patterns for the
52 SNPs amongst Africans.

The genotypes of all loci studied except SNP rs907100
(#38) were distributed as expected based on the
assumption of Hardy–Weinberg equilibrium. Recently, a
new SNP (rs11689319) was reported in position 9 from
the 3’ end of the reverse PCR primer used to amplify
rs907100. A new reverse PCR primer with a degenerate
base in position 9 from the 3’ end is currently being tested
in order to determine whether the unexpectedly high
number of homozygotes is caused by this substitution.

The heterozygosity values of the 52 SNPs in the tested
populations were close to those expected with the high-
est average of 0.44 in Europeans. This is not surprising
considering one of the primary SNP selection criteria was
a priority for maximum heterozygosity in European popu-
lations with less emphasis on the same variability in other
populations for most SNPs chosen. The low average FST

value of 0.07 (maximum of 0.22 for the total group)
underlines the fact that none of these markers has any
known or likely functional relevance, another key factor in
locus selection being sufficient distance between SNPs
and neighbouring genes.

Due to the limited amount of DNA in many crime cases, it is
important that typing of a sufficient number of SNPs can be
performed reliably on small amounts of DNA from traces of
evidential material. STR typing can often work on as little
as 200 pg of target DNA. In our study partially degraded,
purified DNA from seven different cadavers were typed for
the full set of 52 SNP markers using 200–500 pg DNA
(Fig. 5). In contrast, only the short-PCR fragments from the
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AmpFlSTR SGM Plus STR amplification kit were amplified
efficiently in these samples. These results are very promis-
ing for practical crime casework in which only very small
amounts of partially degraded DNA are available.

The mean power of discrimination (5.0610219 to
5.0610221) would be satisfactory in crime cases with a full
profile from only one contributor. However, if a mixture of
DNA from two or more individuals is found, additional
SNPs, including SNPs with unequal allelic distribution (i.e.
much lower average minor allele frequencies), will be nec-
essary in order to obtain a weight of evidence equivalent to
that obtained by STR typing [3]. For paternity testing, the
52 SNP-plex assay will be most valuable in European
populations (typical paternity index: 549 000) while the
unequal distribution of the alleles in Asians and Somalis
resulted in lower paternity indices (typical paternity indices:
336 000 and 337 000, respectively). This demonstrates the
importance of selecting SNPs with allele frequencies close
to 0.5 for relationship testing applications.

In conclusion, we have identified a set of 52 polymorphic
SNPs that can be typed by standard methods and we
have developed an assay that allows multiplex PCR
amplification of very limited amounts of DNA. The SNP-
typing procedure uses standard CE equipment available
to most modern forensic genetic laboratories. Further-
more, the 52-plex SNP set can be readily adapted to a
range of other genotyping methods offering the possibility
of high-throughput solutions in the future. The SNPs pre-
sented are freely available and can be part of a future core
set of SNPs for forensic genetic investigations.
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