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Abstract
The AmpFlSTR® NGM™ kit shows an increased sensitivity compared to previous 

AmpFlSTR® kits, and the addition of a 29th PCR cycle was found to be the major cause 
for this. During in-house validation, we evaluated whether the increased sensitivity 
requires elevation of the stochastic threshold (below which alleles are prone to drop 
out due to low template amplification effects). To determine the stochastic threshold, 
over 500 false homozygotes were examined and the threshold was set at the rfu 
value where 99 % of the alleles had a peak height below this value. Using 2085 Dutch 
reference samples, locus-specific stutter ratios were empirically determined and 
compared with the ones provided by Applied Biosystems. Application of sharp stutter 
filters is especially important for the analysis of unequal mixtures. To prevent allele 
calling of 99 % of the -1 repeat unit stutters, thirteen stutter ratio filters could be 
lowered by up to 1.79 % and for two loci the stutter ratio filters had to be elevated 
slightly with a maximum of 0.06 %. At all loci +1 repeat stutters were visible for the 
higher DNA inputs and for lower inputs at the tri-nucleotide repeat locus D22S1045 
as well. The overall +1 stutter ratio filter was set to 2.50 % and for D22S1045 it was 
determined to be 7.27 %. To find the optimal strategy to sensitise genotyping for low 
template DNA samples, a comparison was made between enhancing the capillary 
electrophoresis settings (9 kV for 10 s) and increasing the number of PCR cycles (29 
+ 5 cycles).
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Introduction
The AmpFlSTR® Next Generation Multiplex (NGM™; Applied Biosystems (AB), 

Foster City, CA, USA) incorporates several new features when compared to SGM 
Plus™ (AB), which contains the core markers used in Europe until recently. To increase 
the discriminatory power, NGM™ combines the ten SGM Plus™ loci together with 
the five new European standard set short tandem repeat (STR) markers: D10S1248, 
D22S1045, D2S441, D1S1656 and D12S391 [1–3]. A 29th PCR cycle is added to 
enhance the sensitivity, and the buffer is improved to reduce the influence of inhibitory 
substances during PCR amplification [4]. When working under ISO 17025 guidelines, 
in-house validation of each new kit is mandatory. In addition to studying standard 
performance parameters as precision, repeatability, reproducibility, sensitivity, robustness, 
and suitability for mixture analysis [5] (and results not shown), we paid special attention 
to assessment of the stochastic thresholds, -1 and +1 repeat unit stutter filters and low 
template DNA techniques during our in-house validation of the NGM™, which will 
be described here.

When a (relatively) low single peak on a locus is analysed, it is compared against 
the stochastic threshold; when this peak is above the threshold, it is designated as a 
homozygous allele {a,a}, and when it is below the threshold, it is regarded as a potential 
heterozygous allele with allele drop-out of the sister allele and called {a,F} (where F 
stands for ‘fail’ and represents a ‘wild card’). The stochastic threshold influences the 
number of false inclusions or exclusions during DNA database searches [6]; if it is set 
too high, homozygotes {a,a} will be called {a,F} and may result in false inclusions, and 
when it is set too low, heterozygotes {a,b} for which one allele has dropped out may 
be misdesignated as homozygotes {a,a} resulting in false exclusions [7]. The stochastic 
threshold is independent of DNA input; with higher inputs less allelic drop-outs occur 
than with lower inputs, and therefore comparison against the stochastic threshold is 
less often needed [6]. To assess the effect of the stochastic threshold in a NGM™ 
dataset, single allele peak heights were compared for heterozygous loci (after drop-out 
of the sister allele) and homozygous loci.

Stutter peaks are amplification artefacts that are usually ascribed to slipped strand 
displacement during PCR [8]. STRs, such as the tri-, tetra- and pentanucleotide repeats 
most widely used in forensic genotyping, predominantly form stutter products of one 
repeat length shorter (-1 stutter) than the parent allele. However, stutter products 
of one repeat unit longer (+1 stutter) or two repeat lengths shorter (-2 stutter) also 
occur [9]. Stutter peaks can greatly complicate the analysis of mixed stains, especially 
when, with unequal mixtures, the minor donor peaks are in the same peak height range 
as the stutter peaks of the major donor(s). The height of a stutter peak is affected by 
several aspects, like the number of nucleotides in the repeat, the AT-content of the 
repeat and the number of (uninterrupted) repeats [8,10]. As a result, different stutter 
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ratio thresholds are used for different STR loci in order to prevent calling of peaks 
on stutter position that are lower than the stutter ratio filter. We determined the -1 
stutter ratio thresholds for in-house amplified samples and compared these to the AB 
stutter ratio thresholds. 2085 Dutch reference DNA profiles were evaluated and we 
found that the stutter ratio data were not normally distributed. Hence, the stutter ratio 
thresholds could not be calculated using the average plus 2 or 3 standard deviations 
from the mean without normalising the data, and we determined them empirically. In 
addition, we analysed whether +1 stutter ratio filters were needed for the analysis of 
NGM™ DNA profiles.

Within a locus the average -1 repeat stutter ratio is not the same for all alleles. 
Longer alleles tend to have higher stutter rates than shorter ones, and this is largely 
dependent on the length of the longest homogenous repeat stretch [8,11]. When 
analysing unequal mixtures and deciding on whether a peak is a stutter artefact or 
a minor donor allele, it might be important to know whether the stutter ratio for a 
specific allele is expected to be above or below the locus-specific stutter ratio threshold. 
Therefore, we explored the possibility to use allele-specific stutter ratio thresholds, by 
assessing the relation between stutter ratio and allele-specific repeat length.

The capillary electrophoresis (CE) injection settings used to analyse STR fragments 
differ between forensic laboratories, influenced by differences in analysts’ opinions and 
differences between individual machines [12]. Therefore, we tested the effect of CE 
injection time on the stochastic threshold, percentage detected alleles, average peak 
height and the peak height ratio for low template (LT) DNA samples. These samples 
are prone to stochastic amplification effects that result in allele or locus drop-out, allele 
drop-in, or increased stutter peaks, especially when methods are applied that sensitise 
LT DNA typing. For these sensitising methods, several strategies have been proposed 
such as increasing the number of PCR cycles or changing the CE injection settings 
[13,14]. The use of replicate PCR amplifications in combination with a consensus 
method is advised to deal with uncertainties of LT DNA typing [6]. To determine what 
LT DNA technique performs best in combination with NGM™, we increased either 
the number of PCR cycles or the CE injection voltage.

Materials and methods
DNA samples

The reference DNA samples used for this validation study were kindly provided 
by the Forensic Laboratory for DNA Research (Leiden University Medical Centre, the 
Netherlands). They were extracted from blood samples of 2085 randomly sampled 
Dutch male blood donors coming from different regions in the Netherlands, who gave 
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their informed consent. These samples were genotyped using NGM™ and the allele 
frequencies will be described elsewhere (de Knijff and Sijen, in preparation). Pristine 
DNA007 (positive control DNA in NGM™ kit) and DNA9947a (positive control 
DNA in Profiler™ kit, AB) were used for determination of the stochastic threshold 
and LT DNA analyses.

PCR amplification and detection

The DNA was amplified in a multiplex PCR using the AmpFlSTR® NGM™ kit (AB; 
early version without primer adjustments for amelogenin, D2S441 and D22S1045 
[15]). Amplifications were performed with 29 PCR cycles, according to the protocol 
of the manufacturer. PCR products were detected by CE with an ABI Prism 3130xl 
Genetic Analyzer (AB) following the manufacturer’s instructions. 1 µL sample or allelic 
ladder was analysed in combination with 8.7 µL Hi-Di™ Formamide and 0.3 µL 
GeneScan™ 500 LIZ™ Internal Size Standard (AB). CE injection settings were 3 kV 
for 15 s (3 kV/15 s), unless stated otherwise.

STR profile analysis

STR profiles were analysed using GeneMapper® ID-X software v. 1.1.1 (AB) with 
a peak detection threshold of 50 rfu (other settings were used for determination of 
the stutter ratios, see Stutter ratios section). The -1 stutter distance for D22S1045 was 
changed from ‘‘-4.75 to -3.25’’ to ‘‘-3.75 to -2.25’’, since it has a tri- and not a tetra-
nucleotide repeat unit. The -1 repeat unit stutter filters provided by AB were used in 
combination with a general +1 stutter filter of 2.50 % and a 7.36 % +1 stutter filter for 
locus D22S1045, which shows high stutters due to its tri-nucleotide repeat structure. 
This initial percentage of 7.36 % was based on a subset (the first 528) of the 2085 
reference samples. The 2.50 % +1 stutter filter follows from the reasoning that unequal 
mixtures with a minor to major ratio of 1:20 or higher, are regarded as too complex to 
interpret; when the major donor is homozygous and the minor donor is heterozygous, 
a 1:20 mixture results in a minor (heterozygous) donor peak that is 2.50 % (1:40) of 
the major (homozygous) donor peak.

Description of experiments

Stochastic threshold

For determination of the stochastic threshold, single alleles from heterozygous loci 
(representing drop-out of the sister allele) and homozygous loci were compared. Data 
for this comparison were derived from approximately 150 low template DNA samples, 
including inputs between 60 and 6 pg of pristine DNA007 and DNA9947a. In total, 
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511 single alleles at heterozygous loci and 138 homozygous peaks were analysed. The 
stochastic threshold was chosen at a relative fluorescence unit (rfu) value for which 99 
% of the single alleles on heterozygous loci were below it.

Stutter ratios

Stutter ratios were obtained using the 2085 reference DNA profiles, which had 
a PCR input of 250–500 pg DNA. During analysis in GeneMapper® ID-X no stutter 
filters were applied and a detection threshold of 25 rfu (Supplementary Table S1) was 
used. Stutter ratios were calculated based on peak height: (stutter peak / parent allele) 
× 100 %. To determine the -1 stutter ratio thresholds for all loci and the +1 stutter 
ratio threshold for D22S1045, we used only the stutter percentage of parent alleles 
that were above the stochastic threshold of 400 rfu (Supplementary Table S1). Stutter 
peaks that were in-between two alleles on +1/-1 stutter position were regarded as 
-1 stutters of the longer allele. The -1 stutter ratio data were grouped into categories 
that comprised one percent (e.g. 2.00 – 2.99 %) and plotted against the number of 
observations per category. The distribution of the data was compared to a normal 
distribution using a Kolmogorov–Smirnov (K–S), a Lilliefors and a Shapiro–Wilk W 
test in Statistica v. 7.1 (StatSoft, Inc., Tulsa, OK, USA). Subsequently, all -1 stutter ratios 
were sorted per locus (using Excel (Microsoft Corporation, Redmond, WA, USA)), and 
after exclusion of the 1 % highest stutter ratios, the maximum value was chosen as the 
empirical locus-specific stutter ratio threshold.

When determining the stutter ratio thresholds, we noted that they are largely 
dependent on the number of data points that are evaluated; with more data points, 
more values will be in the 1 % highest stutter ratios, which facilitates a better fine-
tuning of the stutter ratio threshold. GeneMapper® ID-X uses stutter ratio filter values 
with two decimals; although it could be more appropriate to use only one decimal for 
the stutter ratio thresholds, GeneMapper® ID-X would interpret a stutter ratio filter 
of for instance 13.3 as 13.30, and therefore we decided to present all our results with 
two decimals (similar to the AB stutter filters).

Low template DNA analysis

Different laboratories may choose different CE injection settings (e.g. lower settings 
for reference samples than for trace samples, or to minimise baseline artefacts, or 
higher settings to increase sensitivity). For use in routine casework, a comparison was 
made between 3 kV/15 s, 3 kV/10 s and 3 kV/5 s. To examine the effect of these 
different CE settings on LT DNA profiles, 20, 25 and 30 pg DNA007 were each 
amplified in 30 replicates.

A dilution series of 63, 31, 16 and 8 pg DNA007 was amplified in 6 replicates 
to compare our standard PCR and detection technique (29 PCR cycles and CE at 
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3 kV/15 s) with two LT techniques. For the first LT technique (29 + 5 cycles), after 
the standard 29 PCR cycles 10 µL PCR product was transferred to a new PCR tube, 
and after addition of 0.5 µL AmpliTaq™ Gold Polymerase (AB) 5 additional PCR 
cycles were performed. This method was followed by standard CE, and STR profile 
analysis was performed with stutter ratio thresholds that were multiplied by 1.5 (see 
the Results and discussion section on Low template DNA analysis). The second LT 
technique is based on a standard PCR followed by CE with a raised injection voltage of 
9 kV/10 s. For samples that were injected at 9 kV, a Performa™ DTR gel filtration step 
(Edge Bio, Gaithersburg, MD, USA) preceded the CE to prevent dye blobs in the DNA 
profiles as described in Westen et al. [14]. For these samples, 2 µL DTR-filtered sample 
or 1:20 diluted allelic ladder was combined with 7.0 µL Hi-Di™ formamide and 1.0 µL 
1:100 diluted GeneScan™ 500 LIZ™ Internal Size Standard (AB).

Results and discussion
Stochastic threshold

In order to determine the stochastic threshold for NGM™ STR profiles, 511 single 
alleles from heterozygous loci were compared with 138 homozygous peaks occurring 
in the same low template data set. Fig. 1A shows the empirical cumulative distribution 
of the homozygous and heterozygous single allele peak heights. The solid horizontal 
line at 0.99 crosses the data points between 387 and 435 rfu. Hence, we have set 
the stochastic threshold at 400 rfu (vertical line). The stochastic threshold intersects 
the homozygous data points at 0.75 (dotted horizontal line). Thus, for a stochastic 
threshold at 400 rfu, 75 % of the single peaks at homozygous loci are marked as {a,F} 
and 25 % are correctly designated as {a,a}, while for the single alleles at heterozygous 
loci 99 % are correctly marked as {a,F} and 1 % is misdesignated as {a,a}. For the 
latter category, the peak heights ranged between 435 and 613 rfu (compared to a 
maximum peak height of 994 rfu for homozygous loci). A consequence of determining 
the stochastic threshold as such is that allele drop-outs may still occur in profiles that 
have peak heights above the stochastic threshold, albeit uncommon.

For the analysis of SGM Plus™ DNA profiles we used a stochastic threshold of 
175 rfu. These profiles were generated after 28 amplification cycles and a CE injection 
at 3 kV/15 s. For NGM™, the same CE settings, but an additional 29th PCR cycle was 
performed. We infer that the higher stochastic threshold for NGM™ relates to this 
extra PCR cycle.

After the in-house validation of NGM™ (that included determination of the stutter 
ratio thresholds and assessment of low template DNA techniques, as described in more 
detail below), NGM™ has been implemented in routine casework. However, using the 
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standard CE injection settings (3 kV/15 s) in routine casework for some time, profiles 
showing pull-up peaks (especially for homozygous peaks) were encountered repeatedly. 
To lower the number of pull-up peaks, we tested reduced injection times of 3 kV/10 
s and 3 kV/5 s. These settings lowered the average peak height for DNA profiles with 
a PCR input of 500 pg DNA007 (n = 2) from 3552 rfu, to 2298 rfu and 1188 rfu for 
3 kV/15 s, 3 kV/10 s and 3 kV/5 s, respectively. To assess how these CE injection times 
affect the stochastic threshold, the percentage detected alleles, the average peak height 
and the peak height ratio, a set of 90 LT DNA samples was examined (Table 1). When 
lowering the injection settings from 3 kV/15 s to 3 kV/5 s, the percentage detected 
alleles drops from 84 to 49 %, while the number of single alleles on heterozygous loci 
increases (Table 1). The average peak height goes down from 170 to 80 rfu, resulting 
in a decrease of the empirically determined stochastic thresholds (Table 1). Fig. 1B 
shows the empirical cumulative distribution of the heterozygous single allele peak 
heights for 3 kV/15 s, 3 kV/10 s and 3 kV/5 s. The stochastic thresholds for these three 
settings have been determined empirically in the same way as described above, and 
decrease from around 400 to 175 rfu (rounded values, Table 1 and Fig. 1B). The peak 

Fig. 1 (A) Empirical cumulative distribution of homozygous and heterozygous single 
allele peak heights for standard CE settings (3 kV/15 s). Homozygous peaks are plotted 
as grey triangles (n = 138), and heterozygous alleles (with drop-out of the sister allele) 
are represented by black dots (n = 511). The solid horizontal line at 0.99 intersects the 
single heterozygous alleles around 400 rfu (99 % of the alleles has a lower peak height), 
which is set as stochastic threshold (vertical line). The stochastic threshold crosses the 
homozygous data at 0.75 (75 % of the alleles has a lower peak height; dotted horizontal 
line). (B) Empirical cumulative distribution of heterozygous single allele peak heights 
for CE settings at 3 kV/15 s (black dots, n = 331), 3 kV/10 s (dark grey dots, n = 468) 
and 3 kV/5 s (light grey dots, n = 583). The solid horizontal line at 0.99 intersects the 
single heterozygous alleles around 372, 273 and 168 rfu (99 % of the alleles has a lower 
peak height for that CE setting), as indicated by the vertical lines, for 3 kV/15 s, 3 kV/10 
s and 3 kV/5 s, respectively.
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height ratio becomes better with shorter injection times, 
although far fewer loci (419 instead of 1048) remain to 
calculate this ratio. This is probably caused by the fact that 
the peak heights are generally lower for shorter injection 
times, which reduces the efficacy of detecting both alleles 
at a heterozygous locus. Thereby, especially heterozygous 
loci with good peak height balance will remain for peak 
height ratio calculation. Overall, the 3 kV/15 s CE settings 
show the most complete DNA profiles. Nevertheless, due 
to the repeatedly encountered pull-up peaks in profiles 
for routine casework and the additional time needed for 
re-running and re-analysing these samples, we have chosen 
to use the 3 kV/5 s CE injection settings for routine DNA 
analysis, with the possibility to rerun the samples at 3 kV/15 
s (or to use a LT technique) when needed.

Stutter ratios

Stutter ratios were determined based on the DNA 
profiles from the reference set of 2085 Dutch blood 
donors. For all 15 STR markers -1 repeat unit stutter 
ratio thresholds were determined and the +1 stutter 
ratio threshold for D22S1045, as well. For the various loci, 
between 1279 and 3119 data points were obtained.

Locus-specific -1 repeat stutter

In order to determine whether the locus-specific -1 
stutter ratios were normally distributed, the data were 
categorised in intervals of one percent and plotted against 
the number of observations per category. A normal 
distribution was plotted in the same graph, as is shown 
in Fig. 2 for the -1 stutter ratios of three loci (D10S1248, 
VWA and D16S539). Visual inspection suggests that the 
data are not normally distributed, which is confirmed by 
a Kolmogorov–Smirnov (K–S), a Lilliefors and a Shapiro–
Wilk W test (Fig. 2). Similar results were obtained for the 
other loci (results not shown). Consequently, the stutter 
ratio thresholds could not be calculated using the average 
plus 2 or 3 standard deviations from the mean (to comprise 
95.45 or 99.73 % of the data points, respectively) without 
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normalisation, and we preferred to determine 
these thresholds empirically.

To determine the -1 stutter ratio threshold 
empirically, for each locus the -1 stutter ratio 
data points were sorted in increasing order. 
After exclusion of the 1 % highest data 
points, the maximum value was chosen as the 
empirical locus-specific stutter ratio threshold. 
Table 2 shows a comparison between the 
empirically determined stutter ratio thresholds 
(Supplementary Table S1) and the thresholds 
provided by Applied Biosystems. For thirteen 
of the NGM™ STRs, the stutter ratio 
thresholds could be lowered by 0.46 % to 
1.79 %; a slight elevation by 0.04 % and 0.06 % 
was needed for two loci (D19S433 and TH01, 
respectively). The number of stutters on which 
the stutter ratio thresholds are based differs 
per locus (Table 2), which is due to aspects 
such as different rates of homozygous or 
heterozygous donors for the loci, or more 
or less alleles with stutter peaks below the 
detection threshold of 25 rfu. The finding 
that most of the -1 stutter ratio thresholds 
could be lowered is especially interesting to 
assist minor contributor allele detection in 
unequal mixtures with low template DNA 
components. Although lowering the stutter 
ratio filters may result in slightly more stutters 
to be designated as alleles, maintaining stutter 
filters that are set relatively high may prevent 
the minor component(s) of unequal mixtures 
from being called. In our experience with 
unequal mock casework mixtures (for which 
the donors are known), the gain of additional 
alleles from the minor component(s) is more 
valuable than the drawback of a sporadically 
called stutter peak [16] (data not shown).

A noteworthy observation on locus TH01 
was the presence of different stutter products Fi
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for allele 9.3. The most frequently occurring stutter peak appeared 
on position 8.3 (n = 191), but also on position 9 (n = 52) or on 
both positions (n = 30) stutter products occurred (Fig. 3A–C). The 
general repeat sequence for locus TH01 is [AATG]

n
. For allele 9.3 

a deletion of one adenosine in the seventh repeat is reported: 
[AATG]6ATG[AATG]3 [17,18]. According to the slipped strand 
displacement model, stutter peaks are formed when the DNA 
polymerase dissociates from the template during extension and 
the template strand loops out followed by (out-of-register) re-
annealing and further extension of the fragment [8]. A possible 
explanation for the different stutter products preceding allele 
9.3 is that looping out occurs not only for full tetra-nucleotide 
repeats, but also for the tri-nucleotide repeat number 7.

When following this hypothesis, the occurrence of the two -1 
stutter products is independent of the amplification kit employed. 
For the determination of the -1 repeat length stutter ratios, only 
the stutters on position 8.3 were taken into account. When 
analysing a DNA profile with allele 9.3 on TH01, however, one 
has to realise that a stutter peak on position 9 may be present.

All the analyses described in this paper have been performed 
using the early version of the NGM™ kit (AB). In the meantime, 
AB has replaced this version with a new version of NGM™ 
containing primer adjustments for amelogenin, D2S441 and 
D22S1045 to avoid a number of known null alleles. AB has not 
adjusted the stutter filters for this updated version of NGM™. 
In order to analyse whether the new primers for D2S441 and 
D22S1045 influence the stutter ratios in our hands, we evaluated 
the genotyping results from 776 reference samples that were 
typed with the new version of NGM™ for the Dutch national 
DNA database. The results did not require changes to be made 
in the stutter ratio thresholds for the new version of NGM™. 
Thus, we continue to use the -1 and +1 repeat stutter ratios as 
determined in this study for use in both database and casework 
DNA analysis.

Locus-specific +1 repeat stutter

Tri-nucleotide repeat loci, like D22S1045, are known to show 
higher -1 and +1 stutters than tetra-nucleotide repeat loci [9,11]. 
This is illustrated in Fig. 3D, where allele 15 is followed by a stutter 
product of 4.3 %, while the +1 stutter ratios for other loci did not 
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exceed 2.50 % in over 99 % of the cases. We determined the empirical +1 stutter ratio 
threshold for D22S1045 on 2153 data points in the reference DNA profiles. Based on 
these results, a +1 stutter ratio threshold of 7.27 % is appropriate to comprise 99 % 
of the +1 stutter products.

Allele-specific -1 repeat stutter

Next to locus-specific stutter ratio thresholds, we evaluated the possibility to 
use allele-specific -1 stutter ratio thresholds. The empirically determined -1 stutter 
ratios are plotted per allele for each locus, and Fig. 4 shows an example for three loci 
(D10S1248, D21S11 and D2S441). For most loci, a rise in stutter ratio is seen with 
increasing numbers of ‘‘full’’ repeats (Fig. 4A and B). For x.1, x.2 or x.3 microvariants, 
the stutter ratios are lower than expected based on their length alone, but also they 
increase with increasing length (Fig. 4B). For these microvariants, the series of repeats 
is interrupted by a modified repeat. The length of uninterrupted stretches of repeats 
affects the occurrence of stutters and stutter ratio; the longer the stretches are, the 
higher the ratio of stutter products [10,11]. This explains the lower stutter ratios for 
the microvariants. The full alleles at locus D2S441 do not follow the general trend 
of increasing stutter ratio with higher allele number. Actually, a double pattern of 
increasing allele-specific stutter ratio seems to be present: one from alleles 10 to 13, 
and the other from alleles 12 to 16, with two clusters of stutter ratios for alleles 12 
and 13. We hypothesise that two different repeat sequences underlie these differences 
in stutter ratio. This could be tested by sequencing (a number of) these samples, but 
that is beyond the scope of this study. Interestingly, Phillips et al. [3] did sequence a 
number of DNA samples for D2S441 and found single nucleotide polymorphisms 
(SNPs; predominantly in repeat number 6) for various alleles and populations. Such 
SNPs do interrupt the repeat sequence and shorten the number of uninterrupted 
repeats significantly, and their results thus support our hypothesis.

Fig. 3 Examples of stutter products for locus TH01 allele 9.3 on position 8.3 (A), 9 (B) 
or both (C), and a random example of -1 and +1 stutter on locus D22S1045 (D). In the 
boxes below the peaks, the upper value represents the allele call and the lower value 
the peak height in rfu.
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Fig. 4 Empirically determined 
allele-specific stutter ratios plotted 
per allele for locus D10S1248 (A), 
D21S11 (B) and D2S441 (C). Black 
dots represent allele-specific stutter 
ratios for ‘‘full’’ alleles, with grey 
dots as their average when at least 
10 data points were present. Grey 
squares correspond to allele-specific 
stutter ratios for ‘‘x.2’’ (B) or ‘‘x.3’’ 
(C) alleles, with black squares as 
their average. The horizontal lines 
represent the locus-specific stutter 
ratio thresholds provided by AB 
(dotted) or empirically determined 
(solid).

The use of allele-specific -1 
repeat stutter ratio thresholds could 
aid the analysis of unequal mixtures 
when peaks at stutter position have 
a peak height around the locus-
specific stutter ratio threshold. To 
determine allele-specific stutter ratio 
thresholds that comprise at least 
99 % of the stutters (our empirical 
approach), per allele 100 data points 
are needed as a minimum. In our 
data set this is achieved only for 
the most frequent alleles. Since the 

stutter data are not normally distributed, extrapolation of the data to values for less 
frequent alleles is not appropriate. Another disadvantage of the allele-specific stutter 
ratio thresholds is that they cannot be entered into GeneMapper® ID-X (standard in 
many laboratories) and can therefore not be applied automatically during DNA profile 
analysis.

Low template DNA analysis

To determine which LT DNA technique is most fit for use with NGM™, we 
increased the number of PCR cycles from 29 to 29 + 5 or the CE injection settings 
from 3 kV/15 s to 9 kV/10 s. A dilution series with an input range from 63 to 8 
pg DNA was used. For the method with 29 + 5 PCR cycles, the STR profiles with 
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an input of 63 or 31 pg DNA were highly overloaded 
and could not be analysed (Table 3); the profiles with 
a PCR input of 16 or 8 pg DNA for this method were 
analysed with 1.5 times the stutter ratio thresholds 
(see details below). The average number of drop-ins, 
resulting from contaminating alleles, elevated stutters, 
or other artefacts [12], was calculated per profile. The 
position on which the drop-ins occurred was divided 
into three categories: -1 stutter position, +1 stutter 
position, or other position. Our standard method 
shows the lowest number, while the method with 29 
+ 5 PCR cycles relatively shows the highest number of 
drop-ins per profile. The method with CE at 9 kV/10 
s shows a number of drop-in alleles in-between the 
other two methods. For all methods, drop-ins occur 
predominantly at -1 or +1 stutter position, thereby 
most likely representing elevated stutter artefacts (also 
termed as stutter drop-ins [6]).

Stutter ratios tend to increase when performing 
additional PCR cycles, such as 28 + 6 cycles for SGM 
Plus™ [13] or 29 + 5 cycles for NGM™. In order to 
determine the magnitude of this increase, a comparison 
was made between the (previously mentioned) 
DNA007 profiles with a PCR input of 8 and 16 pg that 
were each replicated 6 times with 29 + 5 cycles for 
NGM™, and 29 cycles NGM™ amplifications with an 
input of 250 or 500 pg DNA007 in 6 replicates each, 
as these two sets showed comparable peak heights. 
Stutters were determined in the same way as described 
in the Materials and methods section on Stutter ratios. 
In Supplementary Table S2 is shown that, in total, 198 
stutters were obtained for DNA profiles after 29 + 5 
cycles and 375 stutters after 29 cycles. For each allele 
in the DNA007 profiles for which it was possible to 
determine a stutter ratio, we calculated the average 
stutter ratio over the 12 DNA profiles that were 
amplified with either 29 + 5 or 29 PCR cycles. Next, 
the ratio between them was determined by dividing 
the average stutter ratio for example for allele 12 on 
D10S1248 after 29 + 5 cycles by the average stutter 
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ratio for the same allele after 29 PCR cycles. Such a ratio could be determined for 
24 alleles in the DNA007 profiles and the ratios ranged between 1.0 and 1.5. When 
analysing SGM Plus™ DNA profiles after 28 + 6 PCR cycles, we used to multiply the 
stutter ratio thresholds by 1.5, and, based on the results, it is appropriate to use this 
factor of 1.5 for the analysis of 29 + 5 cycles NGM™ DNA profiles, as well.

We do not use a stochastic threshold for any of the LT DNA techniques as we always 
consider that allele drop-out may have occurred. For these LT methods, it is needed to 
perform multiple PCR amplifications of the same DNA extract in combination with a 
consensus method [6]. In our laboratory, the n/2 method is used, for which an allele is 
included in the consensus when it is designated in at least half of the replicates (with n 
= 3 or n = 4 as optimal replicate number) [6].

Conclusion
Our conclusions and decisions for practical use are summed up below.

–	 The stochastic threshold is dependent on the injection settings used; for 3 
kV/5 s 175 rfu, for 3 kV/10 s 300 rfu, and for 3 kV/15 s 400 rfu is appropriate.

–	 Since the stochastic threshold includes 99 % of the single alleles on heterozygous 
loci, some may remain un-flagged. The maximum observed peak height in this 
data set is 613 rfu.

–	 Stutters are not normally distributed and stutter ratio thresholds are best 
determined empirically.

–	 Thirteen -1 stutter ratio thresholds are lowered by up to 1.79 % compared to 
the ones provided by AB; two are elevated slightly (with a maximum of 0.06 
%). This will assist allele calling of the minor contributor in unequal mixtures.

–	 Especially for the tri-nucleotide repeat locus D22S1045 a +1 stutter ratio 
threshold is needed, which is set at 7.27 %.

–	 Allele-specific -1 stutter ratio thresholds can only be determined for the 
most frequent alleles and cannot be entered into GeneMapper® ID-X. 
Consequently, they will not (yet) be applied.

–	 Low template DNA analysis can be performed with 9 kV/10 s CE injection 
settings; only for the very low ranges (<31 pg) the use of 29 + 5 PCR cycles 
is recommended.

In conclusion, when introducing a new STR kit for routine use, we recommend in-
house validation of several aspects, such as the stochastic threshold, -1 and +1 repeat 
stutter ratio thresholds and low template DNA analysis methods. These parameters 
will optimise the analyses of complex mixtures and low template DNA samples.
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