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Abstract The autosomal short tandem repeat (STR) kits
that are currently used in forensic science have a high
discrimination power. However, this discrimination power
is sometimes not sufficient for complex kinship analyses or
decreases when alleles are missing due to degradation of the
DNA. The Investigator HDplex kit contains nine STRs that
are additional to the commonly used forensic markers, and
we validated this kit to assist human identification. With the
increasing number of markers it becomes inevitable that
forensic and kinship analyses include two or more STRs

present on the same chromosome. To examine whether such
markers can be regarded as independent, we evaluated the
30 STRs present in NGM, Identifiler and HDplex. Among
these 30 markers, 17 syntenic STR pairs can be formed.
Allelic association between these pairs was examined using
335 Dutch reference samples and no linkage disequilibrium
was detected, which makes it possible to use the product
rule for profile probability calculations in unrelated individ-
uals. Linkage between syntenic STRs was studied by deter-
mining the recombination fraction between them in five
three-generation CEPH families. The recombination frac-
tions were compared to the physical and genetic distances
between the markers. For most types of pedigrees, the
kinship analyses can be performed using the product rule,
and for those cases that require an alternative calculation
method (Gill et al., Forensic Sci Int Genet 6:477–486, 2011),
the recombination fractions as determined in this study can be
used. Finally, we calculated the (combined) match prob-
abilities, for the supplementary genotyping results of
HDplex, NGM and Identifiler.
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Introduction

The expansion of the European standard set (ESS) of auto-
somal short tandem repeat (STR) markers [2, 3] has resulted
in the development of new forensic STR kits such as the
AmpFlSTR® NGM™ (SElect) PCR Amplification Kit (Ap-
plied Biosystems (AB), Foster City, CA, USA), the Power-
Plex® ESX and ESI Systems (Promega Corporation
(Promega), Madison, WI, USA) and the Investigator® ESS-
plex Plus Kit (Qiagen Benelux B.V. (Qiagen), Venlo, the
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Netherlands). These kits combine the gender-determining
Amelogenin marker with the ten commonly used
AmpFlSTR® SGM Plus™ (AB) STRs and the five new
ESS markers, with or without the addition of SE33
(ACTBP2) as a 16th STR. The five new ESS markers show
a higher discrimination power than the five STRs in the
AmpFlSTR® Identifiler Kit (AB) that are additional to
SGM Plus [4]. Nevertheless, in complex kinship analyses
or in (missing person) cases in which the DNA has been
severely degraded, the power of discrimination of the DNA
profile may not be high enough to identify a person. In these
cases, it is opportune to analyse additional highly discrimi-
native STR markers.

In 2010, the Investigator® HDplex Kit (Qiagen; formerly
known as Mentype® Chimera® PCR Amplification Kit,
Biotype Diagnostic GmbH, Dresden, Germany) became
available in the European forensic market. This kit contains
nine highly discriminative STRs (D2S1360, D3S1744,
D4S2366, D5S2500, D6S474, D7S1517, D8S1132,
D10S2325 and D21S2055), next to the Amelogenin gender
marker and three STRs that are included in the above-
mentioned commercial forensic kits: D12S391, D18S51
and SE33. We validated the HDplex for human identifica-
tion and generated allele frequencies based on 335 Dutch
reference samples.

With the increasing number of forensically available
STRs, it becomes inevitable that two or more markers
are present in the same chromosome (a.k.a. syntenic
markers). To ensure independent inheritance, syntenic
markers are ideally situated on different arms of the
chromosome or at least 50 centiMorgans (cM) apart.
The latter means that there is at least a 50 % chance
of recombination between the two syntenic markers,
which are therefore regarded as unlinked [5]. The
vWA and D12S391 markers are only 6.36 Mb apart,
and several studies have addressed the possible linkage
or allelic association (a.k.a. linkage disequilibrium) be-
tween them [1, 4, 6–8]. From their results, the authors
expect no interpretation problems at the population lev-
el, but they do express their concerns for the interpre-
tation of data from closely related individuals. In our
study, we evaluated the 30 STRs present in NGM (AB),
Identifiler (AB) and HDplex (Qiagen), from which 17
pairs of syntenic loci can be formed. For these pairs, we
determined the recombination fraction in five three-
generation CEPH families and compared our results
with those of Phillips et al. [7], who studied the recom-
bination landscape around a broad spectrum of forensi-
cally relevant STRs based on HapMap data. In addition,
we evaluated whether linkage disequilibrium was detect-
able at the population level. Finally, we determined the
random match probability when combining two of the
three (NGM, Identifiler or HDplex) or all three kits.

Material and methods

DNA samples

Validation tests for the HDplex were performed using the
pristine DNA samples DNA XY5 (positive control HDplex
(Qiagen)), DNA007 (positive control NGM (AB)) and
hDNA (Quantifiler™ Human DNA standard (AB)). 2085
DNA samples, representative for the Dutch population,
were used with informed consent of the donors. Five
three-generation CEPH families (Coriell Institute, Cam-
den, NJ, USA) were analysed: one French family with
pedigree number 0066 and four Utah families with
pedigree numbers 1362, 1423, 1454 and 1463. Each
family consisted of four grandparents, two parents and
seven to 11 children. To prepare artificially degraded
DNA, hDNA (200 ng/μL) was treated with UV–light for 0,
10, 30 and 60min, following the protocol described inWesten
et al. [9].

PCR amplification, capillary electrophoresis and DNA
profile analysis

All 2,085 population samples were amplified with the NGM
(AB) and Identifiler (AB) PCR amplification kits (de Knijff
and Sijen, in preparation). Three hundred thirty-five of the
2,085 Dutch population samples were amplified with the
HDplex kit (Qiagen) using a 750-pg PCR input. The CEPH
family samples were amplified with all three kits using PCR
inputs of 500 pg for NGM, 1 ng for Identifiler and 750 pg
for HDplex. During the HDplex validation, study various
amounts of template DNA were used: a series from 8 to
750 pg during sensitivity assays, 750 pg for mixture studies,
1 ng when assessing resistance to PCR inhibitors and 1 ng
artificially degraded hDNA (1 μL of 200-fold diluted UV-
treated hDNA). PCR products were detected by capil-
lary electrophoresis (CE) on an ABI Prism 3130xl Ge-
netic Analyzer (AB). PCR amplifications and CE
detection were performed according to the manufac-
turer’s instructions. DNA profiles were analysed using
GeneMapper® ID-X v. 1.1.1 (AB). When analysing
HDplex profiles, we found that all D10S2325 peaks
were detected on the left-hand side within or adjacent
to the bin for the amplified samples, but not for the
allelic ladder. We solved this issue by diluting the
allelic ladder 1,000-fold and re-amplifying it for 15
additional PCR cycles [10]. We suspect that the
D10S2325 primers used to amplify the allelic ladder
and those provided in the kit originate from different
synthesis batches, resulting in a shift of the amplified
alleles of approximately 0.5 nt compared to the allelic
ladder.
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Statistical analyses

For the 2,085 population samples, allele frequencies were
calculated using the Excel Microsatellite Toolkit [11]. De-
parture from the Hardy–Weinberg equilibrium (HWE) and
linkage disequilibrium (LD) testing was performed using
Arlequin v. 3.5 [12]. HWE exact tests were performed with
100,000 dememorisation steps and 1,000,000 steps in the
Markov chain. LD between pairs of loci was calculated with
three initial conditions for the Expectation–Maximisation
algorithm and 10,000 permutations. Power of discrimina-
tion, power of exclusion, polymorphic information content
and match probabilities were calculated using the Genetic
Identity PowerStats v. 12 Excel spreadsheet (Promega) [13].
We estimated the genotypic linkage disequilibrium correlation
coefficients (r²) using the LINKDIS program [14] imple-
mented in GENETIX v. 4.05.2 [15]. Allele frequencies and
descriptive statistics for NGM and Identifiler will be published
elsewhere (de Knijff et al., in preparation). In order to deter-
mine the recombination fraction between pairs of syntenic
loci, the three-generation CEPH family data were analysed
with LINKAGE [16, 17] (see supplementary note 1 for addi-
tional information).

Results and discussion

Validation of the Investigator HDplex kit

In order to test the sensitivity of the HDplex, a dilution
series between 750 and 8 pg DNA XY5 was genotyped in
threefold. Full profiles were detected down to 63 pg DNA (for
one of the three replicates, Table 1). In our laboratory, the
optimal input was found to be 750 pg template DNA, which
resulted in heterozygous peak balances between 0.79 and 0.93
(calculated by dividing the height of the lower peak by that of
the higher peak) compared to 0.64 to 0.92 for 500 pg template
DNA, and the average peak heights for heterozygous alleles
were around 2,300 rfu (relative fluorescence unit) for 750 pg
and around 1,376 rfu for 500 pg template DNA.

For the analysis of low template DNA, a comparison was
made between the standard protocol (30 PCR cycles with
3 kV/10 s CE injection settings), two additional PCR cycles

(32 cycles with CE at 3 kV/10 s, as recommended by the
manufacturer for DNA inputs <100 pg) and increasing the
CE injection voltage to 9 kV (30 PCR cycles with CE at
9 kV/10 s) [18]. A dilution series of 63, 31, 16 and 8 pg
DNA007 was amplified in threefold. Supplementary Fig. 1a
shows that both increased cycling and increased CE injec-
tion voltage are functional to obtain a higher percentage of
detected alleles, with 9 kV injection voltage giving a slightly
higher percentage of detected alleles for most profiles. This
method is easily performed, without the use of additional
DNA extract, to increase the sensitivity of STR typing [18].
In our laboratory (NFI), for low template DNA samples,
multiple independent amplifications are performed, and the
results are interpreted in combination with the consensus
method as described by Benschop et al. [19], irrespective of
the sensitising technique used.

Artificially degraded samples were genotyped in dupli-
cate for both HDplex and NGM. Supplementary Fig. 1b
shows that NGM profiling is less sensitive to DNA degra-
dation than HDplex analysis, as full NGM profiles are found
up to 30 min of UV irradiation, while the average percentage
of detected alleles for HDplex starts to decrease with 10 min
of irradiation. Both for HDplex and NGM, allele dropout is
most prominent in larger sized markers, which is in agree-
ment with earlier findings [20–22]. HDplex carries relative-
ly more large-sized amplicons, ranging from 70 to 475 bp,
while NGM spans 76 to 352 bp. This is probably due to the
fact that HDplex makes use of a four-dye chemistry, instead
of a five-dye chemistry as used with NGM and Identifiler,
thereby providing less room for markers with small ampli-
con sizes.

Further characteristics, for which the performance of the
HDplex was tested, were resistance to PCR inhibitors and
DNA mixture analysis. Also for these aspects, the HDplex
performed within the boundaries we had set (results not
shown); HDplex tolerated 50 μM hematin and correctly
analysed two- and three-person mixtures that were within
the sensitivity range of the kit (Table 1).

DNA profile characteristics

Several aspects of the HDplex, such as the inter-locus bal-
ance, the intra-locus peak height ratio and the stutter ratio

Table 1 HDplex sensitivity characteristics based on a dilution series of pristine XY5 DNA (n03)

750 pg 500 pg 250 pg 125 pg 63 pg 31 pg 16 pg 8 pg

Average % detected alleles 100±0.00 100±0.00 100±0.00 100±0.00 94±0.06 72±0.21 51±0.24 35±0.10

Average peak height (rfu) 2,293±309 1,376±309 1,009±233 731±94 245±118 185±63 108±25 83±10

Minimum peak height (rfu) 1,182 1,022 682 632 193 130 58 30

Maximum peak height (rfu) 2,658 1,493 967 1,460 489 547 190 146
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thresholds, were evaluated based on the genotyping results
for 335 Dutch reference DNA samples. The inter-locus
balance is calculated by dividing the average peak
height on a locus by the average peak height of the
complete profile. As apparent from Supplementary
Fig. 2a, the shorter loci have an inter-locus balance that
is above one (one is a perfect balance), while the longer
loci have a balance below one. Overall, a general de-
creasing trend is visible with increasing amplicon
length, although D8S1132 shows slightly higher values
than the other short loci and SE33 shows slightly lower
values than the other markers.

The intra-locus peak height ratio (PHR, also known as
heterozygous peak balance) should, for standard PCR
conditions, be between 0.6/0.7 and 1 (perfect balance)
[23, 24] to enable correct interpretation of the DNA
profile. Supplementary Fig. 2b illustrates that the shorter
loci all have median values >0.80 and, thus, better
PHRs (i.e. closer to one) than the longer loci that show
median values down to 0.74. Nevertheless, all loci show
PHRs that meet the requirements for correct interpreta-
tion of the DNA profile.

The HDplex consists of 11 tetra- and one penta-nucleotide
(D10S2325) repeat markers and does not contain tri-
nucleotide STRs (such as D22S1045 in NGM) that are prone
to increased stuttering at both −1 and +1 position (one repeat
unit shorter or longer than the parent allele, respectively) [25,
26]. Accordingly, the (pristine) DNA profiles did not invoke
inference of locus-specific +1 stutter ratio filters. However,

several −1 repeat stutters were called, indicating that the locus-
specific −1 stutter ratio filters provided by the manufacturer do
not suffice. Therefore, we determined the −1 stutter ratio
thresholds empirically using the same method as in Westen
et al. [26]. These stutter ratio thresholds comprise 99 % of the
−1 stutters and are based on 139 to 639 observations per locus
(Table 2). Table 2 shows the empirically determined −1 stutter
ratio thresholds, which are compared to the ones provided by
Qiagen. For all 12 loci, the empirically determined −1 stutter
ratio thresholds were higher than the thresholds provided by
Qiagen, and we elevated the stutter ratio filters with 2.25 % to
6.11 % in the profile analysis software. The large differences
between our thresholds and those suggested by Qiagen may
have several reasons. It could result from our relatively small
number of observations (when compared to our NGM valida-
tion [26]), the method by which stutter thresholds are calcu-
lated (empirically by us, not known for Qiagen), whether
stutters at −1 and +1 position (heterozygous pair with two
repeat lengths size difference) are included (included by
us, not known for Qiagen) or how alleles not showing
detectable stutters are regarded (excluded by us, not
known for Qiagen). Nevertheless, we feel that the stut-
ter ratios as provided by Qiagen are too low, as we
observed several called stutter peaks when using their
stutter ratio filters, already when analysing pristine DNA
and optimal inputs (increased stutters are well-known
for low template samples). Therefore, we recommend
determining the −1 stutter ratio thresholds in-house
when working with the HDplex.

Fig. 1 a Four aspects of the 17 syntenic STR pairs: (1) the physical
distance in Mb (black bars), (2) the cM interval of the closest HAP-
MAP SNP proxies [7] (light gray bars) together with (3) the associated
recombination fraction (Rc) as derived from the Kosambi mapping
function by Phillips et al. [7] (white bars) and (4) the recombination
fraction as determined from CEPH families (dark grey bars) for which
the values >0.5 are presented as 0.5. Syntenic STR pairs on the same
chromosome arm are shown left and those on different chromosome
arms are shown right from the dividing space. STR pairs are ordered by

physical distance. The physical and genetic distances are shown on the
left Y-axis, while the Kosambi-derived Rc and the CEPH-based recom-
bination fraction are shown on the right Y-axis. b The Rc derived from
the Kosambi mapping function (for syntenic STR pairs for which the
Kosambi-derived Rc was presented by Phillips et al. [7]) is plotted
against the CEPH-based recombination fraction. The diagonal line
represents the theoretical situation in which the Kosambi-derived Rc
is equal to the estimated recombination fraction. Exact values for the
plotted data can be found in Supplementary Table 3
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Statistical analysis

Hardy–Weinberg equilibrium, linkage disequilibrium
and linkage

The genotyping results of the 335 Dutch reference samples
were used to determine the allele frequencies and summary
statistics for the HDplex (Supplementary Table 1). One
important aspect of the summary statistics is the Hardy–
Weinberg equilibrium (which refers to the independent as-
sociation of alleles within one locus [27]). The data should
not deviate significantly from HWE to enable assessment of
gametic disequilibrium or linkage between syntenic STR
pairs. Gametic disequilibrium is also known as linkage
disequilibrium (LD) and refers to the non-random associa-
tion of alleles at different loci into gametes [28]. Since we
aim to assess these aspects for all syntenic STR pairs resid-
ing in HDplex, NGM and Identifiler, the p value for HWE
testing was also determined for the syntenic markers in
NGM and Identifiler (based on the complete DNA reference
set of 2,085 samples; results not shown). For the syntenic
markers in our population data, no significant deviation
from HWE was detected after Bonferroni correction (Sup-
plementary note 2).

An overview of all 30 markers that are present in
HDplex, NGM and Identifiler and their chromosome loca-
tion is presented in Table 3. The 17 syntenic STR pairs that
can be formed out of these 30 markers are shown in Table 4.
For these pairs, we tested for departure from linkage equi-
librium using the Arlequin software. The results are pre-
sented in Table 4, both for the subset of 335 Dutch reference
samples (meaning 335 HDplex, 335 NGM and 335 Identi-
filer DNA profiles) and for the full set extending to 2,085
samples (which means 2,085 NGM, 2,085 Identifiler and
335 HDplex DNA profiles). No significant departure from
linkage equilibrium was detected after Bonferroni correction
(Supplementary note 2). Using the GENETIX software, we
found genotypic correlation coefficients between 0.014 and
0.051. As a comparison, r2 values as high as 0.35 [29] or
0.45 [30, 31] have been found for Dutch or European
populations, albeit for much smaller physical distances.
Thus, the correlation coefficients that we found seem to
indicate low genotypic LD for all 17 STR pairs tested in
our population samples.

To determine the recombination fraction between the 17
above-mentioned syntenic STR pairs, 5 three-generation
CEPH pedigrees were profiled for HDplex, NGM and Iden-
tifiler. The genotypes of the 78 individuals are provided in
Supplementary Table 2. Figure 1a visualises four aspects of
the 17 syntenic STR pairs (the corresponding numeric val-
ues are shown in Supplementary Table 3): (1) the physical
distance between the markers as derived from the NCBI
UniSTS database [32], (2) the genetic distance between theT
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nearest HapMap SNP proxies as determined by Phillips et
al. [7] together with (3) the Kosambi-derived recombination
fractions (Rc) that were converted from the genetic distance
using the Kosambi mapping function [7] and (4) the recom-
bination fractions based on the CEPH pedigree data that
were determined using the LINKAGE program (for which
estimates greater than 0.5 are interpreted as being equal to
0.5 (Prof. J. Ott, personal communication)). As apparent
from Fig. 1a and Supplementary Table 3, the physical dis-
tance can present both an overestimation and an underesti-
mation of the genetic distance. The largest underestimations
are made for the STR pairs vWA-D12S391 and TPOX-
D2S1360, which might be due to the fact that both these

pairs are situated near the telomeres, where crossover rates
are generally higher [7, 33]. The recombination fractions
that we found based on the CEPH pedigree data are com-
parable to the Kosambi-derived Rc values (that were gener-
ated based on the cM interval of the HAPMAP SNP proxies
[7]), as shown in Fig. 1a and Table 4. Another representation
of these data is given in Fig. 1b, from which it is clear that
the data points reside around the diagonal line, indicating
similar results for both methods.

The pair with the smallest physical distance and the
second smallest recombination fraction is vWA and
D12S391 (Supplementary Table 3). Since these STRs are
both present in the current generation STR kits, several
studies have assessed their possible allelic association [1,
4, 6–8]. As confirmed by our results, none of these studies
have found indications for linkage disequilibrium between
these markers at the population level, and it is inferred that it
is legitimate to use the product rule for DNA profile prob-
ability calculations involving unrelated individuals. Regard-
ing the assessment of linkage, a different approach is
needed. In our and one of the other studies [6], three-
generation CEPH families are used to determine the recom-
bination fraction between vWA and D12S391. We find a
recombination fraction of 0.17; Budowle et al. [6] estimate a
value of 0.11. The Kosambi-derived Rc for vWA-D12S391
is 0.12 [1, 7], which is in the same range. Taken together, all
values indicate the presence of (loose) physical linkage,
which may influence the interpretation of genotyping data
from (closely) related individuals.

According to Buckleton and Triggs [34], recombination
fractions of 0.197 and 0.316 (derived using the Haldane
mapping function for the STR pairs CSF1PO–D5S818
(25 cM) and Penta D–D21S11 (50 cM), respectively) are
sufficiently small to affect match probability calculations for
relatives and some pedigree analyses. An influence of phys-
ical linkage was also found by Nothnagel et al. [35], who
simulated pairwise kinship analyses with or without taking
linkage between STR markers into account. The overall
results for both strategies were very similar, although the
assessment of certain kinships (such as full siblings versus
half siblings) could be affected by ignoring linkage [35].
The three kits that are assessed in our study each contain one
syntenic STR pair residing on one chromosomal arm. When
using genotyping data from one kit, the influence of one
loosely linked pair among the set of 12 or 15 markers might
not be substantial. However, when combining kits, the num-
ber of paired loci on the same chromosomal arm having
recombination fractions <0.50 increases substantially as
NGM with Identifiler presents two, NGM with HDplex five,
Identifiler with HDplex seven and all three kits together
eight of these pairs. Such numbers of loosely linked syntenic
pairs may affect kinship analyses. Gill et al. [1] elaborated
on this kind of kinship analyses using the vWA-D12S391

Table 3 Overview of the STR markers present in HDplex (HD), NGM
and Identifiler (Id)

chr STR kita Location Location (Mb)

01 D1S1656 NGM 1q42.2 230.91

02 TPOX Id 2p25.3 1.49

02 D2S1360 HD 2p24-p22 17.49

02 D2S441 NGM 2p14 68.24

02 D2S1338 NGM, Id 2q35 218.88

03 D3S1358 NGM, Id 3p21.3 45.58

03 D3S1744 HD 3q24 147.09

04 D4S2366 HD 4p16-p15.2 6.48

04 FGA NGM, Id 4q28 155.51

05 D5S2500 HD 5q11.2 58.70

05 D5S818 Id 5q23.2 123.11

05 CSF1PO Id 5q33.1 149.46

06 SE33 HD 6q14 88.99

06 D6S474 HD 6q21-22 112.88

07 D7S820 Id 7q21.1 83.79

07 D7S1517 HD 7q31.3 123.50

08 D8S1132 HD 8q23.1 107.33

08 D8S1179 NGM, Id 8q24.1 125.91

10 D10S2325 HD 10p12 12.71

10 D10S1248 NGM 10q26.3 131.09

11 TH01 NGM, Id 11p15.5 2.19

12 vWA NGM, Id 12p13.3 6.09

12 D12S391 NGM, HD 12p13.2 12.45

13 D13S317 Id 13q31.1 82.72

16 D16S539 NGM, Id 16q24.1 86.39

18 D18S51 NGM, Id, HD 18q21.3 60.95

19 D19S433 NGM, Id 19q12 30.42

21 D21S11 NGM, Id 21q11.2-q21 20.55

21 D21S2055 HD 21q22 41.19

22 D22S1045 NGM 22q12.3 37.54

HD HDplex, Id Identifiler
a 2,085 genotypes were assessed for all loci present in NGM, Identifiler
and locus SE33; 335 genotypes were determined for the nine (remain-
ing) loci in HDplex
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pair as an example (and they say their methods can be
extended to evaluate linkage effects between any pair of
loci with known recombination rate). Under the assumption
of linkage equilibrium at the population level, they state that
linkage has no effect and should not be considered in a
pedigree unless at least one individual is involved in at least

two transmissions of genetic material, as a parent and/or a
child, and that individual is a double heterozygote at the loci
involved. When the pedigree is informative of phase and the
recombination rate between the markers is known, linkage
can be accounted for statistically with the equations given in
their paper [1]. Otherwise (under the assumption of linkage

Table 4 Overview of pairwise linkage disequilibrium test results for syntenic STR loci in HDplex, NGM, and Identifiler

chr STR pair
posi-
tiona

Arlequin
LD p-value
335NL

Arlequin
LD p-value
2085NL

GENETIX
corr.coef.
335NL

GENETIX
p-value
335NL

GENETIX
corr.coef.
2085NL

GENETIX
p-value
2085NL

02 TPOX-D2S1360 0.038 0.076 0.045 0.040 idemb idem
02 TPOX-D2S441 0.221 0.314 0.046 0.340 0.016 0.482
02 TPOX-D2S1338 * 0.953 0.449 0.035 0.994 0.016 0.894
02 D2S1360-D2S441 0.796 0.915 0.041 0.456 idem idem
02 D2S1360-D2S1338 * 0.702 0.498 0.040 0.114 idem idem
02 D2S441-D2S1338 * 0.418 0.507 0.042 0.462 0.015 0.968
03 D3S1358-D3S1744 * 0.402 0.580 0.042 0.562 idem idem
04 D4S2366-FGA * 0.191 0.135 0.050 0.000 idem idem
05 D5S2500-D5S818 0.771 0.913 0.040 0.878 idem idem
05 D5S2500-CSF1PO 0.037 0.138 0.051 0.023 idem idem
05 D5S818-CSF1PO 0.334 0.822 0.043 0.658 0.014 0.956
06 SE33-D6S474 0.188 0.265 0.040 0.661 idem idem
07 D7S820-D7S1517 0.946 0.957 0.041 0.921 idem idem
08 D8S1132-D8S1179 0.493 0.211 0.043 0.020 idem idem
10 D10S2325-D10S1248 * 0.845 0.889 0.039 0.860 idem idem
12 vWA-D12S391 0.821 0.591 0.038 0.659 0.015 0.963
21 D21S11-D21S2055 0.731 0.332 0.034 0.999 idem idem

For the Arlequin and GENETIX results, two datasets were used: “335NL” referring to a set of 335 samples profiled with NGM, Identifiler and
HDplex, and “2085NL” which refers to 2,085 samples profiled with NGM and Identifiler, complemented with the genotyping data for HDplex for a
subset of 335 of the samples
a Syntenic STR pairs on different chromosomal arms are marked by an asterisk in this column and shown in grey
b Equal to the value for 335NL

Table 5 Match probability (when assuming independence) and number of available loci for NGM, Identifiler, HDplex and combinations thereof,
based on genotyping data of 335 Dutch reference samples

Complete profile <200 bpa <150 bpb

MP # STRs MP # STRs MP # STRs

NGM 1.8E-19 15 4.9E-07 6 1.3E-03 3

Identifiler 5.2E-18 15 4.7E-06 5 6.5E-03 2

HDplex 6.1E-18 12 2.6E-06 4 3.3E-02 1

NGM+Id 3.3E-24 20 6.2E-09 8 8.4E-06 5

NGM+HD 1.6E-33 25 1.3E-12 10 4.3E-05 4

Id+HD 9.9E-34 27 1.2E-11 9 2.1E-04 3

NGM+Id+HD 2.9E-38 30 1.6E-14 12 2.8E-07 6

MP match probability, Id Identifiler, HD HDplex
a Loci <200 bp: the loci described for “b” (loci <150 bp) and the following loci: NGM: D3S1358, D8S1179, D19S433; Id: D5S818, D8S1179,
TH01; HD: D3S1744, D8S1132, D10S2325
b Loci <150 bp: NGM: D2S441, D10S1248, D22S1045; Id: D3S1358, D19S433; HD: D7S1517
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equilibrium at the population level), both loci can be used
for kinship analysis employing the product rule. An over-
view and more details are given in Supplementary textbox 1.

Match probabilities for combined kits

In the previous section, it is shown that for unrelated indi-
viduals and for kinship analyses in which linkage has no
effect, all 30 loci residing in NGM, Identifiler and HDplex
can be employed in profile probability calculations using the
product rule. Therefore, we evaluate the combined power of
the three STR kits. Table 5 shows the match probabilities for
NGM, Identifiler, HDplex and combinations thereof. NGM
has the best match probability of these three kits; Identifiler
and HDplex have a comparable match probability even
though Identifiler contains three STRs more. Thus, the
match probability per locus is more favourable for
HDplex than for Identifiler. Combining the results of
two kits gives the most informative match probability
for Identifiler together with HDplex (9.9×10−34), which
is based on genotyping data from 27 unique STRs. The
combination of the 25 different STRs of NGM and
HDplex gives a very informative match probability
(1.6×10−33) as well. Table 5 also shows the match
probabilities and number of available loci for amplicon
sizes <200 bp and <150 bp that apply to DNA of
different degradation levels. The most informative com-
bination for fragments <200 bp is NGM with HDplex
(1.3×10−12), and for fragments <150 bp NGM with
Identifiler (8.4×10−6). Combining all three kits further
improves the match probability up to 2.8×10−7 for
degraded DNA (<150 bp) and up to 2.9×10−38 for
non-degraded DNA.

Conclusion

The Investigator HDplex is suitable for forensic DNA analysis
(when used with a re-amplified ladder to prevent binning
problems for D10S2325). No linkage disequilibrium was
detected between the syntenic STRs of HDplex and those of
NGM or Identifiler, and we infer that the product rule can be
applied for profile probability calculations in unrelated indi-
viduals. In kinship analyses, the product rule cannot always be
applied (depending on the pedigree), and readers are referred
to the paper by Gill et al. [1] for a description of these cases
and for methods to implement the recombination rate between
markers (like determined in this study) into the calculations.
HDplex has many non-overlapping markers with NGM and
Identifiler, and the power of discrimination per marker is, on
average, higher than for the other kits. In conclusion, the
HDplex is a good complementary STR kit that can be used

for complex kinship analyses and may aid the analysis of
degraded DNA.
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