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Abstract The AmpFlSTR® NGM™ PCR Amplification
Kit enables amplification of 15 autosomal short tandem
repeat (STR) loci. The loci are the ten STRs in the SGM
Plus® Kit plus the EDNAP and ENSFI recommended STRs
D10S1248, D22S1045, D2S441, D1S1656, and D12S391.
Allele frequency and other forensically relevant statistics
data were generated for the NGM loci in three US population
groups (African Americans, Caucasians, and Hispanics). The
analyses support that the NGM multiplex is one of the most
informative STR multiplex kits available to the forensic
science community. At the population level, there are no
more detectable departures from expectations of the inde-
pendence of alleles within as well as between loci than
would be expected due to chance, even for the two syntenic
loci vWA and D12S391; however, linkage analysis in three
large pedigree families shows close linkage between these
two loci with a recombination fraction of 0.108. Therefore,
in contrast to the practices in calculating the rarity of a DNA
profile, for kinship analyses independence between the loci,
vWA and D12S391 cannot be assumed.

Keywords Short tandem repeat loci . Next generation
multiplex . vWA .D12S391 . Population statistics . Linkage

Introduction

Multiplex amplification of short tandem repeat (STR) loci
offers several benefits to the forensic analysis of biological
evidence. Primarily, it affords the ability to type a battery of
genetic markers while consuming only one aliquot of a
sample. Thus, less sample is consumed compared with that
which would be required for typing each locus separately.
Generally, target amounts of template DNA are at a
minimum of 100–250 pg of DNA. The more loci that are
contained within a multiplex the more discriminating is that
multiplex. Additionally, amplifying all the desired loci in
one tube reduces manipulations, which saves on labor and
reduces the chances of contamination. Lastly, a multiplex
system facilitates automation of the analytical process.

There are seven required STRs for the European
Standard Set (ESS) of loci. These are TH01, vWA, FGA,
D21S11, D3S1358, D8S1179, and D18S51 [1]. These
seven loci form the core loci for DNA databases and hence
casework analyses in Europe; however, given the expansion
of DNA data sharing in Europe fostered by the Prum Treaty
[2], an expansion of the seven core loci was needed to meet
the demands for the exchange of DNA profile data across
the European Union. To improve the discrimination power,
a multiplex kit known as the AmpFlSTR® NGM™ PCR
Amplification Kit (NGM kit; Life Technologies, Foster
City, CA) was developed. The kit contains the ten STRs in
the SGM Plus® Kit (which include the seven ESS loci) and
five additional loci, D10S1248, D22S1045, D2S441,
D1S1656, D12S391, that were recommended by the
European Network of Forensic Science Institutes and the
European DNA Profiling group EDNAP [1].
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With the introduction of this new multiplex, standard
population genetic parameters need to be assessed for
utility in estimating the rarity of an evidentiary DNA
profile. This study describes population statistics on the
15 NGM kit loci in three US population groups (African
Americans, Caucasians, and Hispanics). In addition, a new
issue needs to be addressed that has been of little relevance
for past multiplex kits. That is, the loci vWA and D12S391
are syntenic. The vWA locus is on chromosome 12 at the
physical position 6,093 kb and genetic position 17 cM, and
the locus D12S391 is on chromosome 12 at the physical
position 12,340 kb and genetic position 28.8 cM. Thus,
although they are physically approximately 6 Mb apart,
their recombination distance is about 12 cM from each
other [3]. Linkage analysis was performed on these two loci
in three large pedigree CEPH families to assess the utility
of both loci in kinship analysis.

Materials and methods

A population study was performed with a set of 1,034
unrelated, healthy, anonymous human DNA samples (350
African Americans, 349 Caucasians, and 335 Hispanics)
obtained as whole blood from the Interstate Blood Bank, Inc.
(Memphis, TN) or Boca Biolistics (Coconut Creek, FL) and
purified on an Applied Biosystems 6100 PrepStation.
Quantification of DNA samples was performed using the
Quantifiler® Human DNA Quantification Kit (Applied
Biosystems, Foster City, CA, USA). DNA samples from
three CEPH families (1333; 1340; and 1345) were purchased
from the Coriell Medical Institute for Research (http://ccr.
coriell.org/sections/collections/nigms/CEPHFamilyKits.
aspx?PgId=526&coll=GM). The extracted DNA was ampli-
fied using the AmpFlSTR® NGM™ PCR Amplification Kit
(Applied Biosystems, Foster City, CA, USA) in the
GeneAmp 9700 PCR system (Applied Biosystems, Foster
City, CA, USA) according to the manufacturer’s recommen-
dations. The analysis of the amplified PCR product was
performed on the ABI 3130xL Genetic Analyzer (Applied
Biosystems, Foster City, USA). The data analysis and allele
identification were performed using GeneMapper® ID
(version 3.2) analysis software.

Statistical analyses

Allele designations were determined by comparison of the
amplified fragments with those of the allelic ladders.
Estimates of allele frequencies for each locus were
calculated by the gene count method [4]. Unbiased
estimates of expected heterozygosity were computed [5].
The power of discrimination (PD) and power of exclusion

(PE) were calculated according to Fisher [6]. Possible
deviations from expectations of the Hardy–Weinberg
equilibrium (HWE) were tested by the exact test [7], based
on 2,000 shuffling experiments. The computer program to
perform these tests was developed by R. Chakraborty
(University of North Texas Health Science Center, Fort
Worth, TX). An inter-class correlation criterion [8] was
used for detecting correlations between alleles at any pair of
loci for the 15 loci in each sample population. The values
for FST were determined as described by Weir and
Cockerham [9]. Recombination rate between the syntenic
loci vWA and D12S391 was estimated using the software
program LINKAGE [10, 11].

Results and discussion

The allele frequencies and population statistics parameters
for the 15 NGM STR loci in African Americans, Caucasians,
and Hispanics are shown in Tables 1, 2 and 3, respectively.
All loci were highly polymorphic in all three populations.
The number of loci departing from HWE was no more than
would be expected by chance. The overall PD was greater
than 0.99999999 and the overall PE was greater than
0.99999985 in all three populations. Thus, the NGM kit
appears to be the most genetically informative of the
currently available commercial multiplex kits.

Since there is only one study reporting population data
in which all were 15 NGM loci [12], FST values for the 15
NGM STR loci were estimated using the three US
population groups reported herein (Table 4). Typically,
African Americans, US Caucasians, and Hispanics would
not be combined into a single reference population data set
and therefore any FST estimate based on these three

D10S1248 0.0080

D12S391 0.0099

D16S539 0.0131

D18S51 0.0129

D19S433 0.0194

D1S1656 0.0178

D21S11 0.0123

D22S1045 0.0343

D2S1338 0.0114

D2S441 0.0250

D3S1358 0.0059

D8S1179 0.0230

FGA 0.0068

THO1 0.0359

vWA 0.0083

Avg 0.0161

Table 4 FST values based on
three US population samples
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population groups would be an overly conservative value,
as observed for the CODIS STR loci [13, 14]. The estimate
over all 15 STR loci (FST=0.0161) is well below the value
of 0.03 recommended by the National Research Council
[15] and consistent with the results of Phillips et al. [12].
These data support that an FST value of 0.03 (as
recommended in [15]), is conservative and a value of 0.01
is also likely to be conservative for these three population
data sets used separately.

The test for evidence of linkage disequilibrium detected
no more departures than would be expected by chance (four,
six, and two out of 105 pairs of tests, in African Americans,
Caucasians, and Hispanics, respectively). Furthermore, there
were no departures detected for the two syntenic loci vWA
and D12S319 (even before the Bonferroni correction [16]).
This observation is consistent with the findings of Phillips et
al. [12] and supports that for identity testing multiplying the
genotype frequencies is justified for the loci vWA and
D12S391. The independence between these two loci at the
population level-based statistics is likely the result of the
relatively high mutation rates of STR loci; however, for
kinship analyses vWA and D12S391 may be linked; they are
located on chromosome 12, at positions 6,093 kb and
12,340 kb, respectively [3]. The genetic distance is greater
between these two loci at about 12 cM; however, while all
physically linked loci are syntenic, physical map distances
may not necessarily relate one-to-one with the recombination
rate (e.g., due to presence of a recombinational hotspot).
Thus, empirical testing is necessary to assess the degree of
linkage effect (i.e., extent of co-segregation of alleles) for
these two loci.

Three large pedigree CEPH families were typed for the
NGM STR loci (ESM Table 5) and a linkage analysis was
performed for the two biologically linked loci, vWA and
D12S391. Using the software LINKAGE [10, 11], the
recombination fraction between the loci vWA and D12S391
was estimated at 0.108. This result is close to the
recombination distance (12 cM) and confirms the linkage
of the loci vWA and D12S391. The recombination fraction
can be used for estimating the co-inheritance of alleles at
these two loci. Since the loci vWA and D12S391 are linked,
independence cannot be assumed for kinship analyses.
Therefore, there are two options recommended for the use
of genetic data for kinship analyses: (1) Incorporate the
recombination rate and generate maximum likelihood
estimates of the haplotype frequencies for these two loci;
or (2) use only one of the two loci in a kinship analysis,
which would be the more informative of the two in a
specific case.

In conclusion, population data for the 15 NGM STR loci
in three US population groups are available for forensic
testing and genetic studies. The data support that the loci
are highly polymorphic and can be multiplied together

(following the recommendations of the NRCII Report [15])
to derive an estimate of the rarity of a multilocus DNA
profile for direct comparison single source and mixture
cases; however, regarding kinship analysis, all loci in the
NGM kit are biologically independent except for the two
syntenic loci vWA and D12S391; the assumption of
independence between these two loci is not valid. For
simplicity in kinship analysis cases, we recommend select-
ing the more informative of the two loci to be combined
with the other loci of the multiplex.
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