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Abstract
PCR-MPS is an emerging tool for the analysis of low-quality DNA samples. In this study, we used PCR-MPS to analyse 32 
challenging bone DNA samples from three Second World War victims, which previously yielded no results in conventional 
STR PCR-CE typing. The Identity Panel was used with 27 cycles of PCR. Despite that we only had an average of 6.8 pg of 
degraded DNA as template, 30 out of 32 libraries (93.8%) produced sequencing data for about 63/90 autosomal markers per 
sample. Out of the 30 libraries, 14 (46.7%) yielded single source genetic profiles in agreement with the biological identity 
of the donor, whereas 12 cases (40.0%) resulted in SNP profiles that did not match or were mixed. The misleading outcomes 
for those 12 cases were likely due to hidden exogenous human contamination, as shown by the higher frequencies of allelic 
imbalance, unusual high frequencies of allelic drop-ins, high heterozygosity levels in the consensus profiles generated from 
challenging samples, and traces of amplified molecular products in four out of eight extraction negative controls. Even if the 
source and the time of the contamination were not identified, it is likely that it occurred along the multi-step bone processing 
workflow. Our results suggest that only positive identification by statistical tools (e.g. likelihood ratio) should be accepted 
as reliable; oppositely, the results leading to exclusion should be treated as inconclusive because of potential contamination 
issues. Finally, strategies are discussed for monitoring the workflow of extremely challenging bone samples in PCR-MPS 
experiments with an increased number of PCR cycles.
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Introduction

In forensic genetics, the current gold standard for human 
identification is multiplex PCR of polymorphic markers fol-
lowed by capillary electrophoresis (CE) separation of the 
amplicons [1, 2]. Whilst STR (short tandem repeats) are 
mainly analysed in routine analyses, SNPs (single nucleotide 
polymorphisms) and InDel (insertion/deletion) markers may 
be characterised in highly degraded samples [1–5].

Current PCR-CE technology is not sensitive enough to 
type some of the low copy number (LCN) and/or degraded 
DNAs [1, 2]. In such cases, even if several strategies have 
been deployed, the resulting genetic profile is often of scarce 
or even no utility [6, 7].

In the last decade, massive parallel sequencing (MPS) tech-
nology has been implemented in forensic laboratories [8], and 
several kits, which allow for the simultaneous multiplexed 
typing of hundreds of markers, have been developed and cus-
tomised. In addition, the sensitivity of new technology has 
increased, as well [8–10]. Therefore, PCR-MPS offers several 
advantages over conventional PCR-CE analysis, in particular 
for the analysis of low template degraded samples [8–10].

SNP analysis of challenging samples has consistently 
yielded better results than STR typing [3, 4]. The simple 
molecular structure of SNP polymorphisms does not allow the 
production of stutters and other PCR artefacts usually found 
when STR markers are amplified [1, 5]. In addition, the reduced 
molecular size of the amplicons makes SNP markers the best 
choice in the genetic typing of degraded samples [4, 5].
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One of the commercialised PCR-MPS kits is the HID-Ion 
AmpliSeq™ Identity Panel, which allows the simultaneous typ-
ing of 90 autosomal (plus 34 Y-specific) SNPs leading to com-
bined random match probabilities (RMP) between 1×10−34 and 
1×10−37 [11–23]. In the last few years, several studies have used 
this kit for typing low copy and/or degraded samples on ion 
torrent machines [24–28]. Although the analytical conditions 
(number of PCR cycles, concentration of the pooled libraries, 
and thresholds for locus call, etc.) and the sets of samples wildly 
differed, the results univocally highlighted the advantages of the 
PCR-MPS approach. In fact, all the studies concluded that the 
discrimination power (i.e. the RMP) remains high even if only 
low percentages of markers were successfully typed [24–28]. 
It is therefore possible that LCN degraded samples, which have 
previously yielded no results following the conventional STR 
PCR-CE approach, could be successfully typed by the employ-
ment of the HID-Ion AmpliSeq™ Identity Panel.

When employing samples with very low DNA yields or 
even undetectable DNA, increased number of PCR cycles 
seems to be the most promising approach for successful 
outcomes [1, 2, 6, 25, 27]. Since PCR reaction with high 
number of cycles is more prone to artefacts [1, 2], the aim 
of our study was to check the usefulness of the Identity 
Panel with 27 cycles of PCR on very challenging samples. 
In addition, because aged skeletal samples are prone to 
contamination, we also investigated whether the employ-
ment of SNP PCR-MPS technology with an increased 
number of cycles can lead to the detection of exogenous 
human DNA contamination that was not identified using 
standard STR PCR-CE technology.

Recently, we described the successful STR PCR-CE 
genetic typing of 112 out of 144 bone specimens sampled 
from different anatomical regions of three Second World 
War victims [29]. Since the remaining set of 32 samples 
yielded no STR typing results, the original DNA aliquots 
of those samples were used for PCR-MPS analyses of 
identity SNPs in this study. The results of the Precision 
ID Identity Panel typing, using 27 cycles of PCR in MPS 
technology, are shown and discussed.

Materials and methods

Ethic statement

The study was approved by the Ethical Committee of the 
Republic of Slovenia (KME 102/11/14).

Samples

Our analyses included 32 challenging bone samples. Along-
side these samples, an additional 15 samples (reference bone 

samples, positive PCR control, and low template degraded 
control samples) were analysed (Table S1).

Challenging samples

We selected thirty-two bone extracts whose STR PCR-CE 
typing gave no result when employing the Investigator® 
ESSplex SE QS (Qiagen) at 30 PCR cycles. The samples 
were originally extracted from three different male skeletons 
(skeleton A, B, and C). The remains are approximately 75 
years old and were found in the mass grave Huma Jama 
(Slovenia), from the Second World War [29]. DNA quanti-
fication was carried out by the PowerQuant Kit at standard 
conditions. This kit provides reliable results down to 0.0001 
ng DNA per μL of extract [30], whereas the IPC (Inter-
nal Positive Control) probe is able to detect the presence 
of PCR inhibitors. The challenging bone sample extracts 
showed detectable levels (> 0.0001 ng/μL) of DNA, with 
24 out of 32 samples showing un-calculable degradation 
levels because of the lack of amplification of the 249 bp-long 
target. No inhibitors were detected [29].

Reference samples

Three to four bone samples for each skeleton were selected 
to generate the corresponding reference profile. The selec-
tion criteria were a high DNA yield and that a full PCR STR-
CE profile was achieved in the original study [29]. These 
11 samples showed Auto/Deg ratios between 4.1 and 14.6 
(median value= 9.5) (Table S1).

Positive PCR control and low template degraded control 
samples

When dealing with challenging bone samples, the quality and 
quantity of the positive controls are of crucial importance. Since 
it is worthless to process 1 ng of DNA of high-molecular weight 
DNA for 27 PCR cycles as a positive control, we decided to 
analyse cellular and sub-cellular amounts (2, 5, and 10 pg) 
of the PCR positive control 2800M purchased from Promega 
(see Table S2). To check the performance of the PCR-MPS 
assay on low template (LT) degraded samples, diluted amounts 
(10 pg) of each of the skeletons’ reference samples were used 
for analysis. In addition, we used three other bone samples as 
LT degraded controls (one sample of 32 to 94 pg of DNA per 
skeleton) (Table S1). These bone samples were selected from 
our previous study because they gave successful STR PCR-
CE typing [29]. Finally, we included one more sample as a LT 
degraded control. This sample was 10 pg of DNA from sample 
FM-24, an in vitro depurinated DNA sample already used in 
our previous PCR-MPS trial [31] (see Table S1).
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Negative extraction controls

In our laboratory, we process an extraction negative control 
(ENC) in each batch of DNA extracted from bones; usually 
the batch contains 6 to 12 samples. In total, eight ENCs were 
processed alongside the 32 challenging bone samples; none 
of them provided amplicons in the STR PCR-CE experi-
ments with 30 PCR cycles [29]. All eight ENCs were tested 
in the present study; however, to reduce the costs of the 
PCR-MPS reagents, three ENCs were randomly selected for 
the PCR-MPS analysis (Table S2). The remaining five ENCs 
were tested by STR PCR-CE analysis using an increased 
number of PCR cycles than what was suggested by the 
manufacturer (see paragraph “Assessing the identity of the 
samples”).

Library construction, template preparation, 
and MPS sequencing

The Precision ID Identity Panel (TFS) was used for library 
construction and 90 autosomal SNP markers and 34 Y-spe-
cific SNPs were investigated. As shown in Table S2, 65 
libraries were prepared according to the user guide [32]. 
One nanogram of DNA, as assessed by the Auto probe of 
the PowerQuant kit, was used for the analysis of the eleven 
reference samples at 24 cycles of PCR. Fifteen microliters 
(i.e. the maximum volume possible to use in the PCR reac-
tion) was used for each of the challenging bone samples at 
27 cycles of PCR. The DNA of the cell line 2800M was used 
as positive PCR control (PCR + ctrl) at the final dilution of 
2, 5, and 10 pg. With duplication of each dilution, a total 
of six libraries were obtained from PCR + ctrl samples. LT 
degraded controls (LT deg ctrl) were represented by 10pg 
dilutions of four reference bone samples (one sample from 
skeleton A and skeleton B and two samples from skeleton 
C) and one artificially degraded sample (as for PCR + ctrl 
samples, analysis of FM-24 sample was duplicated).

Undiluted LT degraded controls (one bone sample of poor 
quality per each skeleton) were amplified using 32 pg of 
DNA (skeleton B), 51 pg of DNA (skeleton C), and 94 pg of 
DNA (skeleton A). Three ENCs and four NTCs (no template 
controls) were processed alongside the challenging samples. 
Twenty-seven PCR cycles were used for all control samples.

Fully automated library preparation was performed using 
the Precision ID Identity Panel and Precision ID DL8 Kit™ 
for Chef, and 32 libraries were combined into one tube for 
Ion 530™ chips following the manufacturer’s user guide 
[32]. The concentration of the combined library pool was 
determined by qPCR with the Ion Library TaqMan Quanti-
fication Kit™ (TFS) in duplicate together with standards and 
negative controls [33, 34]. Library pools (30 pM combining 
32 samples) were used for fully automated DNA template 
preparation on the Ion Chef™ System. The templates were 

prepared using the Ion S5 Precision ID Chef™ Reagents and 
loaded using the single chip loading workflow. Sequencing 
made use of Ion S5™ Precision ID Sequencing Reagents and 
Ion S5™ Precision ID Sequencing Solutions.

Sequencing data analysis and genotyping

The alignment of reads against the Homo sapiens reference 
genome (GRCh37/hg19) was performed using Ion Tor-
rent™ Suit Software 5.10 (TFS) [33]. Coverage analysis 
was carried out with the Coverage Analysis v 5.6.0.1 plugin, 
which provides statistics and graphs describing the level of 
sequence coverage produced for targeted regions. Informa-
tion about mapped reads, on-target percentage, mean depth, 
and uniformity of coverage were downloaded for each sam-
ple library (Barcode Summary Report file).

For genotyping, the Converge™ software version 2.0 (TFS) 
[35] was used by applying the manufacturer’s default settings. In 
particular, a minimum coverage of 20 × is required for genotyp-
ing, with each strand with more than 10 × of coverage. A MAF 
(major allele frequency) flag is assigned by the analysis software 
to heterozygous genotypes when the reads of the two alleles are 
unbalanced (10.1–35.0% or 65.0–89.1%), whereas homozygous 
genotypes are alerted when reads corresponding to a second 
allele account for 5 to 10% of the entire coverage of the marker.

Definition of the reference profiles

The reference profile of skeletons A, B, and C was defined 
by using the genotyping data of three to four good-quality 
reference samples per skeleton. To this aim, the genotyping 
data were analysed by using the method recently described 
by Turchi et al. [27].

PCR‑MPS fidelity in challenging samples

For each sample, the number of markers above the thresh-
old for locus call (e.g. 20 reads) was computed. In addition, 
since full consensus profile was yielded for each skeleton (see 
below), the following values were calculated for each PCR-
MPS test of the challenging samples: number of autosomal 
allelic drop-out (ADO), number of allelic drop in (ADI), and 
number of Y-specific allelic drop in (and their frequencies). 
The frequency of MAF flags was calculated as well.

The same calculations were performed for the positive 
controls (PCR positive controls and LT degraded controls).

Consensus profile from the challenging samples

The genotyping data of the challenging samples A, B, and C 
were used to build the consensus profile for the correspond-
ing skeleton. To this aim, the method proposed by Turchi 
et al. [27] was used with minimal modifications.
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Assessing the identity of the samples

In order to assess if the challenging bone samples could 
be correctly assigned to the skeleton from which they were 
collected, the PCR-MPS autosomal genotyping data of each 
test was compared to the reference genotypes of the corre-
sponding skeleton. To this aim, the LRMix software (ver-
sion 2.1.5) [36] was used under the hypothesis that a single 
source DNA yielded the genotype. This tool, originally 
developed to calculate the LR (likelihood ratio) in mixed/low 
copy DNA samples analysed with STR systems, has been 
successfully employed even in the analysis of SNP markers 
[37]. The LRMix software is a semi-continuous interpreta-
tional model, which does not take in consideration the peak 
height information whereas allelic drop-out and allelic drop-
in probabilities are evaluated. The following propositions 
were assumed in the present study: prosecution hypothesis 
(PH): the reference skeleton sample is the contributor of 
the tested bone sample; number of unknown contributors: 
0; defence hypothesis (DH): the reference skeleton sample 
is not the contributor of the tested bone sample; number 
of unknown contributors: one. In addition, three different 
parameter settings were set up. According to the first one, 
the default settings were used (ADO frequency = 0.1; ADI 
frequency = 0.05). The second setting consisted in the ADO 
frequency as evaluated by the software by using the “drop 
out estimation” option (with a minimum of 0.1) whereas 
the ADI frequency was maintained at 0.05. The last setting 
stated that the ADO and ADI frequencies, as emerged from 
the analysis of each sample, were used. The θ correction 
value was fixed at 0.01 in all analyses. Caucasian allele fre-
quencies, freely available at https://​www.​ncbi.​nlm.​nih.​gov/​
snp/ (access: January 11, 2023), were used as reference data-
base. This test was restricted to samples showing at least 19 
typed markers, an arbitrarily threshold number fixed by us 
(see paragraph “LRMix analysis of challenging samples”).

The strength of the LR values of this test was verbally 
expressed in agreement with the ENFSI (European Network 
for Forensic Sciences Institutes) recommendation [38], with 
minimal modification. In particular, LR values from 0.5 to 2.0 
were considered of “no support”, from 2.1 to 999 of “weak/
moderate support”, from 1000 to 1,000,000 of “strong sup-
port”, and above 1,000,000 of “extremely strong support” to 
the prosecutor hypothesis, which is of the positive identifica-
tion of the skeleton. The reciprocal values were expressed by 
the same verbal expressions in favour of the opposite hypoth-
esis, which is the exclusion of the skeleton identification.

As six challenging samples gave likelihood ratio (LR) values 
< 1 when compared with the corresponding reference profile, 
the genotyping data of such samples were compared with the 
reference genotype of the other two skeletons. Thus, for exam-
ple, the genotyping data of library #32 (which was built with 
sample C_11) were compared with the reference of skeleton 

A and skeleton B. In addition, in order to assess if positive LR 
values could emerge by chance when only a limited number 
of markers are typed, these six partial profiles were compared 
even with the genotypes of samples 2800M and FM, as well 
as with other ten unrelated individuals already studied with the 
Precision ID Identity Panel [27]. The corresponding LRs were 
calculated setting up the ADO frequency as evaluated by the 
“drop out estimation” option, and an ADI frequency of 0.05.

Finally, in order to calculate accurate LR values to under-
stand whether a given skeleton can be the contributor of the 
challenging bone samples, even the quantitative continuous 
model EuroForMix [37, 39] was used. In this model, full peak 
height information (i.e. in the present paper, the number of 
reads) was considered together with allelic drop-outs and 
drop-ins frequencies for calculating the probability of obtain-
ing a reference profile, given all possible genotype combina-
tions of the contributors. The calculations were performed 
under the hypothesis of a single contributor to the evidence 
setting up the same analytical threshold considered by the 
Converge™ software for the allelic calls (20 reads). The quan-
titative LR model (maximum likelihood–based) was selected 
and the LR values were recorded after the sensitivity test.

PCR‑CE analysis of the ENCs

Five ENCs were submitted to analysis of STRs using 
increased number of cycles. As stated above in paragraph 
“Negative extraction controls”, these ENCs have yielded 
no amplicon when analysed through the employment of 
the Investigator® ESSplex SE QS (Qiagen) kit at the stand-
ard number of 30 cycles of PCR [40]. To further test these 
ENCs, 17.5 μL of each sample was amplified using the Pow-
erPlex ESI 17 Fast (Promega) in a final volume of 25.0 μL 
by increasing the PCR cycles to 33. Standard procedures 
were used for CE analysis [1, 40].

Calculations and graphs

Microsoft Excel 2007 and Stata/SE version 12.1 (StataCorp) 
were used for calculations and graphs. For statistical analy-
ses (t-test, χ2, and ANOVA), significance was assumed with 
p-values < 0.05.

Results and discussion

In this study, we analysed 32 challenging bone samples, 11 
good-quality bone samples from three reference skeletons 
(A, B, C), and 22 controls by PCR-MPS using the Precision 
ID Identity Panel. The results achieved from the 65 libraries 
are described as follows.

https://www.ncbi.nlm.nih.gov/snp/
https://www.ncbi.nlm.nih.gov/snp/
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Libraries preparation

As reported elsewhere [29], qPCR quantification of the chal-
lenging samples yielded very low DNA concentrations with 
median and maximum values of 0.00045 and 0.0028 ng/μL, 
respectively. A further limitation was the maximum volume 
of DNA extract (15 μL) which can be used in PCR reaction 
of the Identity Panel kit. These data together suggested to 
set a suitable number of PCR cycles in order to have enough 
amplicons to prepare the libraries. There are very few papers 
that investigated the possibility of increasing the number 
of PCR cycles with this commercial kit. When only low 
amounts of template DNA are available, twenty-six cycles 
are recommended by the manufacturer [32], even if less 
cycles could be enough [25]. At the same time, however, 
user guide states that “cycle numbers can be increased if 
the quality or quantity of input DNA is uncertain” [32], 
and Turchi et al. showed that the employment of 31 cycles 
(23+8 cycles) leads to an improvement of the main sequenc-
ing parameters together with the number of markers with a 
suitable coverage [27]. Therefore, the extreme low amounts 
of template DNA available from the challenging Second 
World War bone samples led us to the decision to increase 
the number of PCR cycles to 27 for increasing the possi-
bility of successfull library preparation. In addition, since 
all bone samples contained no more than 20 μL of DNA 
because the rest of DNA was used in our previous study 
[29], we preferred to carry out a single PCR test per sample 
by using the maximum available volume of 15 μL rather than 
split the samples into two PCR tubes to run duplicates. The 
knowledge of the genetic profile of the three skeletons (see 
below), in fact, allowed the evaluation of both the fidelity of 
the single PCR-MPS test and the assessment of the identity 
of the sequencing data, irrespective of the duplicates. The 
median DNA total amount for the PCR amplifications was 
of 6.8 pg, with a maximum of 42 pg. The concentration of 
the libraries, estimated by qPCR, always allowed sequencing 
template preparation at the recommended final concentration 
of 30 pM combining 32 samples [32, 33].

DNA sequencing

Sixty-five libraries (11 from the reference samples, 32 from 
challenging samples, and 22 from control samples) were run 
in three different Ion 530™ chips. The chips also contained 
other samples that are not included in the present study. In 
total, 15 libraries were built from challenging samples of 
skeleton A, 6 from skeleton B, and 11 from skeleton C. The 
main sequencing parameters of the 65 libraries are shown 
in Figure S1.

The 32 challenging samples showed lower mapped reads, 
lower percentage of on-target reads, and lower mean of 
depth (p-value < 0.0006) than the positive controls (PCR + 

ctrl plus LT degraded controls). No difference was computed 
for the uniformity of the sequencing (p-value = 0.421). The 
results are in line with the sequencing of libraries built from 
very low amounts of degraded samples [12, 24, 25, 27].

The average values of the libraries of the reference sam-
ples were as follows: mapped reads = 729,859, percentage 
on-target reads = 97.4%, mean depth of sequencing = 5578, 
and uniformity = 97.5%; all values agree with the input of 
an optimal amount of template DNA (1 ng) [32].

Autosomal typing

Threshold for locus call and negative controls

The use of a threshold for the “locus call” (e.g. its geno-
typing) has been debated from the very beginning of the 
PCR-MPS era in forensic genetics, and a minimum of 20 
read has been proposed as a reliable threshold [12]. To date, 
a wide range of thresholds, from 6 × to 200 ×, have been 
used in different studies characterising the Precision ID 
Identity Panel [12–14, 23–28]. In addition, a comparison 
performed on three different thresholds (20, 50, and 100 
×) showed that genotyping errors occur even if the highest 
threshold is applied to the data [27]. In this study, we opted 
for the default setting threshold (20 reads) of the Converge™ 
software version 2.0 (TFS) because we were expecting low 
coverages from the challenging bone samples.

Another crucial point when performing PCR-based 
experiment is that blank controls (both ENC and NTC) 
should provide negative results [1, 2, 6, 41, 42]. As shown 
in Table S2, all four NTCs and two out of three ENCs 
showed only two markers with more than 20 reads of cover-
age. The third ENC (library #59), on the opposite, exhibited 
12 markers above the threshold (with a median coverage 
of 773 reads), thus suggesting that a contamination issue 
occurred most likely during the DNA extraction procedure 
of the corresponding batch of samples. It is noteworthy that 
the analysis of the same ENC via PCR-CE did not yield any 
result after 30 cycles of PCR, as previously reported [29].

Reference profile of the three skeletons

Full reference autosomal SNP profiles of the three skeletons 
were generated through the analysis of optimal amounts 
(1 ng) of DNA and the comparison of the typing results. 
All the eleven samples used as reference samples, in fact, 
showed full profiles (90 out of 90 autosomal markers); in 
addition, the bone samples belonging to each specific skel-
eton yielded identical profiles. The average heterozygosity 
of the genotypes of the three skeletons was 0.411, 0.522, 
and 0.511 (A, B, and C, respectively), what is in agreement 
with the Hardy-Weinberg equilibrium (p-values > 0.236). 
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The reference autosomal identity SNP profile is shown 
in Table S3 for skeleton A, Table S4 for skeleton B, and 
Table S5 for skeleton C (second column, highlighted in red).

PCR‑MPS fidelity of the challenging samples

Out of the overall scored 2880 autosomal markers, 1899 
were above the 20 × threshold in the 32 challenging samples, 
meaning that, in average, 65.9% of the markers were typed 
(51.6%, 80.2%, and 77.7% in skeletons A, B, and C, respec-
tively; see Figure S2). The number of markers per sample 
ranged from 2 to 85, highlighting a huge sample-to-sample 
variability (see Figure S3A).

As shown in Fig.  1, 50.9% of the scored markers in 
the challenging samples showed a MAF flag with higher 
frequency than positive controls (p-value= 0.009). The 
allelic drop-out (ADO) frequency of challenging samples 
was quite high (51.9%); however, it was similar to one of 
positive controls. The allelic drop-in (ADI) frequency was 
26.3% in the challenging samples, and therefore higher 
than the one recorded for the positive controls (p-value = 
3.1×10−5). However, the allelic drop-in frequency showed 
different values (p-value = 0.017) in the three skeletons 
(32.4% in skeleton A, 11.5% in skeleton B, and 33.5% in 
skeleton C). In addition, 47% of drop-in events (126 out of 
268) changed the original homozygous genotype (e.g. from 
AA to GG), whereas in the remaining 53% of samples (142 
cases) the original homozygous genotype was replaced by a 
heterozygous genotype (e.g. from CC to CT). Although all 
samples showed drop-in events, they were mainly clustered 
in restricted sets of samples, as reported in Table S2 (see 
also Tables S3-S5, which show the genotyping data of each 
of the 32 challenging samples).

The origin of the allelic drop-in events in the analysis 
of SNP markers via PCR-MPS has been questioned by 
numerous researchers [10, 12, 25, 27, 42, 43]. The error 
rate generated by the Ion Torrent technology is quite high (≥ 

1%), but they consisted mainly in insertion/deletion artefacts 
[44] (whilst the Illumina technology is mainly subjected to 
misinsertions [45]). Another possibility for drop-in events 
is the misinsertion occurring during the PCR amplification, 
an artefact enhanced by DNA degradation through cytosine 
to uracil transition [46]. The presence of uracil in aged 
forensic samples has been already described [47], but 
this mechanism is believed to play a marginal role in the 
bone samples studied here given the huge number of ADI 
scored. The most likely explanation is the contamination of 
the samples. In control samples studied, the allelic drop-in 
frequency was around 2.1%, what is in agreement with the 
value of 1.0 to 1.8% found by Turchi et al. in a large set of 
control and degraded samples [27]. From the same study, 
however, it emerged that the majority (97.3%) of drop-in 
events were most likely originated from minimal amounts 
of exogenous human DNA transferred to the samples rather 
than artefactual events. Thus, likewise, a contamination 
issue leading to a DNA mixture should be considered in 
the case of the challenging samples analysed in the present 
study.

When analysing STR markers, a DNA mixture has to be 
considered when more than two alleles per locus are typed 
[1, 2, 36, 39]. In the case of bi-allelic markers used here, 
instead, an excess of heterozygosity (Ht) is one of the main 
findings able to suggest a DNA mixture [12]. In average, 
the 32 challenging samples showed a heterozygosity of 
0.303 with no difference with the positive controls (Ht 
= 0.252; p-value = 0.118). When the genotyping data of 
challenging samples were used to build the corresponding 
consensus profiles, however, the resulting heterozygosity 
was 0.785, 0.630, and 0.900 for skeletons A, B, and C 
respectively. The results for skeletons A and C showed 
an exceeding heterozygosity degree (p-value < 4.7 × 
10−7) when compared to the expected average value of 
the Caucasian population (Ht = 0.458) [48]. Consensus 
profiles of each skeleton constructed from the challenging 

Fig. 1   Percentage (y axis) of 
MAF (Major Allele Frequency), 
allelic drop out (ADO) and 
allelic drop in (ADI) in autoso-
mal markers. Challenging: chal-
lenging samples (n=32); PCR 
+ ctrl: positive PCR control 
(n=6); LT deg ctrl: low template 
degraded control (n=9); refer-
ence: reference samples (n= 11)
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samples are shown in the last column of Table S3, Table S4, 
and Table S5 for skeletons A, B, and C, respectively. High 
percentage of drop-in alleles and also the evaluation of 
the heterozygosity degree of the consensus SNP profiles 
constructed for all three skeletons was of further support 
for a contamination issue.

Assessing the identity of the samples

In order to be able to check whether the genotypes achieved 
from the challenging bone samples match the reference 
genotypes of skeletons A, B, and C, the LRMix and the 
EuroForMix software were used for LR calculations. The 
results of the analyses are reported as follows.

LRMix analysis of control and reference samples

The LRMix software allows the calculation of the LR under 
the hypothesis of the same or different contributors for PH 
and DH [36, 37]. In this study, we assumed that a single 
DNA is the contributor of the profile both for PH and DH. 
To test the robustness of the LRMix tool on single source 
DNA sample identification, the SNP genotypes of skeletons 
A, B, and C, control samples 2800M and FM, and other ten 
samples from a previous study [27] were used both for intra-
sample and inter-sample comparisons. The default setting 
parameters (ADO probability = 0.10; ADI probability 
= 0.05) were applied for a total of 225 comparisons. LR 
values ranging from 4.5 × 1032 to 2.7 × 1036 were scored in 
the 15 intra-sample comparisons (see Table S6). In all the 
remaining cases, e.g. in the 210 inter-samples comparisons, 
the LR values were < 8.9 × 10−37.

Table S2 shows the impact of the ADO and ADI frequen-
cies, as analytical parameters, on the LR values calculated 
for the 11 samples used to create the reference profile for 
skeletons A, B, and C. For example, the LR of sample #41 
increased from 1.73 × 1034 (using the default setting parame-
ters) to 6.21 × 1037 (using the actual probabilities of ADO and 
ADI, which corresponded to zero). Altogether, these results 
confirm that LRMix software is an accurate tool for assessing 
the identity of single source SNP profiles [36, 37, 49].

LRMix analysis of challenging samples

The approach described above was applied to SNP profiles 
of each challenging sample (see Table S2). In order to 
state a parameter to consider the minimum number of SNP 
markers available for a computational analysis, we decided 
to refer to the number of markers scored for a very low copy 
number DNA control sample included in our analysis; this 
sample was library #57 built with 2 pg of 2800M DNA for 
which only 19 markers could be recorded. Therefore, only 
challenging bone samples with at least 19 typed markers 

were considered for the LRMix analysis. By applying this 
arbitrary threshold, libraries #3 and #5 (with 2 and 17 typed 
markers, respectively) were discarded. The results of the 
remaining 30 samples are shown below.

LRMix analysis using the default setting parameters  As 
shown in Table 1, the comparison of the typing results of 
the 30 challenging samples with the corresponding reference 
profile showed LRd (LR default) values > 1 in eight samples 
(26.6%), whereas it was < 1 in the remaining 22 samples 
(73.4%). In addition, as shown in Table 2, in 17 cases 
(56.6%) the LRd ratios were of “extremely strong support” 
to the DH (the challenging sample does not belong to the 
skeleton from which it was collected). Further computational 
analyses were performed to explain the reasons of this 
unexpected result.

LRMix analysis using estimated frequencies of allelic 
drop‑out  The calculations were performed by setting the 
ADO frequencies as estimated by the software using the 
“drop out estimation” option [36]. This option is adopted 

Table 1   Percentage of samples with LR values > 1 assuming a single 
DNA source contributor

LRd LR using the default setting parameters, LRe LR using the ADO 
frequency as estimated by the LRMix software, LRa LR using the 
ADO and ADI frequencies as calculated sample-to-sample. The posi-
tive controls are represented by six PCR positive controls plus nine 
low template degraded controls

Challenging samples
(n=30)

Positive controls
(n=15)

LRd 26.6% 86.7%
LRe 46.6% 100%
LRa 70.0% 100%

Table 2   Assessment of the identity of the samples assuming a single 
source DNA contributor

The numbers in the last three columns refer to the number of sam-
ples (n total= 30). LRd LR using the default setting parameters, LRe 
LR using the ADO frequency as estimated by the LRMix software, 
LRa LR using the ADO and ADI frequencies as calculated sample-
to-sample

LR value Verbal equivalent LRd LRe LRa

> 1,000,000 Extremely strong 7 8 11
1000–1,000,000 Strong 0 2 4
2.1–999 Weak/moderate 0 4 5
0.5–2.0 Of no support 2 2 4
0.49–0.001 Weak/moderate 3 2 4
0.0009–0.000001 Strong 1 4 1
< 0.000001 Extremely strong 17 8 1
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in the real-case analysis to evaluate the effect of the allelic 
drop-out, a frequent PCR artefact in forensic samples [1, 2, 
36]. Following this approach, 14 samples (46.6%) showed 
LRe (LR estimated) values > 1 (and therefore supporting 
the identification of the samples). When the results were 
pooled, eight samples showed LRe values > 1.0 × 106 
(max= 1.1 × 1018) leading to an “extremely strong support” 
[38] to the biological identity of the samples (see Table 2). 
Out of the remaining samples, however, the LRe values 
supported—with different levels of strength—the DH in 14 
cases (see Figure S4). The positive control samples (PCR + 
ctrl plus LT degraded controls) always showed LRe values 
> 1 (median value = 2.9 × 1014; min = 184; max = 1.5 × 
1026).

LRMix analysis using actual frequencies of ADO and ADI  In 
the third test, the ADO and ADI frequencies were calculated 
sample-to-sample (see Table S2) and the acquired values 
were set as analytical parameters in the LRMix software. 
It is a trivial observation that this approach could not 
be applied to real casework as the real ADO and ADI 
frequencies are unknown. Nevertheless, we believe that 
the observation of the impact of the ADO and ADI with 
their real frequencies could be of help in explaining the 
results of the present research work. As shown in Table 1, 
21 samples (70.0%) showed LRa (LR actual) values > 1, and 
therefore supporting the biological identity of the samples 
(see Table 2). Out of the nine samples with LRa values 
< 1, three samples showed LRa values of 0.50, 0.60, and 
0.90, respectively, and thus providing a neutral support to 
PH or DH. Out of the remaining six samples, two samples 
(C_01 and C_11) showed LRa values of 9.7 × 10−6 and 
8.5 × 10−7, respectively, meaning a “strong support” and 
“extremely strong support” to the DH (see Figure S4). In 
conclusion, the genetic profiles obtained from those two 
samples could be more likely explained if they belong to 
some other individuals than to the corresponding reference 
skeleton.

To check if there is a relationship between the LRa 
values and the frequencies of the allelic drop-ins scored in 
the samples, the ADI frequencies of the samples with LRa 
values > 1 were compared with the ADI frequencies of the 
samples with LRa values < 1. The allelic drop-in frequency 
was higher in samples with LRa < 1 (0.482 vs. 0.194; 
p-value = 1.7 × 10−6; when adding the positive controls, the 
p-value was 1.5 × 10−7). The same approach was adopted for 
comparing the ADO frequencies in the two sets of samples. 
The allelic drop-out frequency was higher in samples with 
LRa < 1 (0.608 vs, 0.464; p-value = 0.020; when adding 
the positive controls, the p-value was 0.018). In conclusion, 
these results evidenced that ADI is the main source of error 
leading to a potential mis-identification of the challenging 
samples considered in this study.

Other analyses with LRMix

To exclude a specimen mislabelling along the experiments 
as the origin of the mismatch with the corresponding skel-
eton, further in silico analyses were done on the six partial 
profiles showing LRa values supporting the DH (namely 
samples A_08, C_01, C_08, C_09, C_10, and C_11). To test 
this hypothesis, inter-sample comparisons were carried out 
assuming single source DNA profile. As shown in Table S7, 
the LR values were always < 1; this result allowed us to 
reject the hypothesis of mislabelling.

To test the reliability of the results provided by the 
LRMix tool from partial SNP profiles, the same six samples 
were compared even with samples 2800M, FM, and other 10 
unrelated individuals (see Table S8). For this analysis, the 
estimated frequency of ADO and the fixed ADI frequency of 
0.05 were used; the resulting values ranged from 4.7 × 10−1 
to 2.0 × 10−78 (median value = 1.4 × 10−18). Altogether, the 
results of these additional analyses support the conclusion 
that partial profiles made of 55 SNP markers (median value) 
do not create adventitious matches [50].

EuroForMix analysis of challenging samples

In order to consider all the information given by the MPS 
analysis in the evaluation of the profiles obtained from 
the challenging bone samples and its impact on the LR 
values in comparison with the semi-quantitative approach, 
all the challenging bone samples were tested against each 
corresponding reference skeleton with the quantitative 
continuous model software EuroForMix [37, 39, 49], 
considering the information given by the number of reads 
recorded for each scored allele. The hypothesis of a single 
contributor to the genetic profile was assumed for each 
comparison, as for the LRMix calculations. The results 
are reported in Table S9 where they are compared to the 
LRe values as calculated by the semi-continuous software. 
The two series of LR values for each challenging sample, 
belonging to the corresponding three reference skeletons, 
were then plotted as shown in Figure S5. The excellent 
correlation (r2 > 0.931) between the results of the two 
software provide a definitive support to the conclusion that 
the expected single source profile was achieved in no more 
than 14 out of 30 samples.

Y‑specific typing

All the eleven samples used as reference samples for the 
three skeletons yielded results for all 34 Y-SNP markers. In 
addition, the intra-skeleton comparison showed the same 
identical alleles. Therefore, three different haplotypes were 
clearly identified, each one peculiar of a given reference 
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skeleton. The reference haplotype of each skeleton is shown 
in the second column (labelled in red) of Table S10 for 
skeleton A, Table S11 for skeleton B, and Table S12 for 
skeleton C.

In agreement with the lower sensitivity of the Y-specific 
markers of the Precision ID Identity kit compared to the 
autosomal ones [12, 24, 25, 27], no more than 41.1% of the 
markers were typed in the challenging samples vs. 45.6% 
and 61.1% in the PCR + ctrl and the LT degraded control, 
respectively (see Figures S2-S3). In total, 22 allelic drop-in 
artefacts (generating spurious haplotypes) were scored 
in the challenging samples with an average frequency of 
5.2%. However, it is noteworthy that these undesirable 
phenomena did not occur randomly within the samples. In 
fact, as shown in Tables S2 and S10-S12, up to nine drop-
ins were restricted to only two samples (#22 and #32, i.e. 
the samples with lowest LR values). No drop-in was scored 
in the 15 positive controls. No read was scored in the seven 
negative controls. In conclusion, the results of the Y-specific 
markers analysis are in full agreement with the data of the 
autosomal identity SNP typing, which was consistent with 
a contamination issue.

PCR‑CE analysis of the ENCs

As stated above, all ENCs included in the batches of 
extraction yielded no amplification through 30 cycles of 
PCR using the Investigator® ESSplex SE QS kit [29]. Since 
the results of the PCR-MPS suggested a contamination issue 
for some of the challenging samples, five ENCs were tested 
through 33 PCR cycles using the PowerPlex ESI 17 Fast kit 
in the present study. These additional tests were performed 
to investigate the source of the contamination, and in 
particular to establish if the contamination issue occurred 
during the laboratory workflow of the bone samples or if 
an endogenous human contamination affected the bone 
samples from the beginning (ab initio).

The results of these analyses showed few alleles with 
low molecular weights (< 100–120 bp), up to 1.200 rfu in 
three ENCs (see Figure S6). No amplicon was scored in the 
NTCs of these PCR-CE-based tests. These findings support 
the conclusion that human exogenous contamination 
occurred during the DNA extraction from the bone samples. 
Nevertheless, since no more than one marker (with two 
alleles) was scored in each ENC, the comparison with 
the DNA exclusion database STR profiles was of limited 
help for identifying the source of contamination through 
checking the staff’s genetic profiles. However, given the 
extreme sensitivity of the PCR-MPS, a contamination, even 
if minimal, could explain the origin of the drop-ins scored 
in the PCR-MPS analysis of the challenging samples.

Discussion

Recently, promising results were reported in the STR PCR-
MPS typing of Second World War bone samples that had 
yielded poor results from conventional STR PCR-CE analysis 
[51]. In this study, we sought to verify whether increased 
cycles in PCR-MPS would produce useful SNP profiles from 
aged bone samples which had previously produced no results 
in conventional STR PCR-CE analyses. To this aim, we tested 
a set of 32 challenging bone samples by the employment of 
the Precision ID Identity Panel with 27 cycles of PCR.

Despite that our challenging bone samples had only an 
average of 6.8 pg of degraded DNA, 30 out of 32 libraries 
(93.8%) yielded sequencing data for around 63/90 autoso-
mal markers per bone sample. Out of the 30 libraries, 14 
(46.7%) yielded single source genetic profiles whose LRe 
supported—with different levels of strength—the biological 
identity [38] of the samples (see Table 2 and Figures S4 and 
S5). However, these excellent results were overshadowed by 
the problems associated with contamination. In particular, 
even if 27 cycles of PCR-MPS analysis succeeded in the 
production of reliable genotyping data from almost half of 
the extremely challenging samples, it is also true that minute 
human exogenous contaminations were identified and geno-
typed in at least 12 cases (40.0%) leading to spurious SNP 
profiles. Thus, some considerations are needed to address 
the risk of misleading conclusions in a real-case scenario.

This experiment can be considered a proof-of-concept 
study; in fact, the genotype of the challenging bone samples 
was known a priori, a situation which allowed for computa-
tional analyses otherwise unfeasible. For instance, ADOs and 
ADIs can be merely suspected in the real-case analysis, even 
if the results of duplicate tests are available. Instead, here both 
ADO and ADI frequencies were available sample-to-sample, 
which allowed for the assessment of the weight of these arte-
factual phenomena in the reliability of the genotyping data.

In real-case analyses of SNP markers, a high degree of 
heterozygosity is one of the main features which can alert 
the operator about the possibility of human DNA contami-
nation [12, 52]. Instead, here we found that the (expected) 
high frequencies of ADO were usually balanced by the 
(unexpected) high frequencies of ADI in challenging sam-
ples which led to SNP profiles whose heterozygosity degrees 
were similar to the ones of the positive controls (p-value = 
0.118). Nevertheless, it has to be highlighted that the con-
sensus profiles given by the challenging samples of skel-
etons A and C showed exceeding values of heterozygosity 
(p-value < 4.7 × 10−7) due to the high number of spurious 
alleles dropped in the corresponding samples. Similarly, the 
contamination issue was found even within the Y-specific 
markers, which therefore show artefactual haplotypes. Thus, 
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altogether, our results highlight the importance of the multi-
sample approach to avoid misleading conclusions [1, 2, 41, 
42, 46, 53]. In fact, we were only able to suspect this con-
tamination issue by having multiple samples from the same 
skeleton. It has to be noted, however, that the availability of 
several samples from the same biological donor is not the 
rule in the real-case analysis.

Even in routine clinical samples, negative/blank controls 
are required in order to suspect and/or identify whether the 
specimens were contaminated by exogenous human DNA 
throughout the lab workflow [1, 2, 41, 46, 53–55]. The PCR-
MPS analysis of the NTCs confirmed the absence of exog-
enous DNA in the reagents used for the library preparation, 
which suggested that the contamination issue occurred dur-
ing upstream procedures [41, 53, 54]. In addition, four ENCs 
yielded molecular results, even if it was for a very limited 
number of alleles, thus providing a likely explanation for the 
high number of allelic drop-ins scored in the challenging 
samples of skeletons A and C.

From this, the questions emerging now are: what is the 
source of such contamination, and where does it occur? 
Exogenous human contamination can occur in any step of 
the extraction procedure, from the sampling of the bone 
elements to their pulverisation, etc. [41, 53, 54]. It is 
important to note that the processing of aged bone samples 
for genetic analysis is much longer than the processing of 
any other forensic sample. There are many steps involved in 
the extraction of DNA from bones and consequently a lot of 
manual actions conducted by the laboratory staff. Therefore, 
bones are more prone to exogenous DNA contamination 
in comparison to other forensic samples. In this work, all 
extraction procedures were performed in a sterile clean 
room under a hood with negative pressure dedicated solely 
to aged bone samples by using UV-radiated reagents and 
consumable [29, 56]. When isolating DNA from bones, 
we followed the measures to prevent contamination 
described previously [56]. In particular, we prevented the 
surface contamination of bones with exogenous DNA by 
mechanical and chemical cleaning and UV irradiation. In 
addition, only the bone samples of skeletons A, B, and C 
were processed in successive extraction batches included 
in present study. Therefore, contaminations can be likely 
ascribed to operator carry-out events even if individual 
protection devices were always worn. However, minute 
amounts of exogenous DNA left on the surface of bone 
cannot be excluded.

The results presented in this paper show that PCR-MPS 
is very sensitive. PCR-MPS can detect even minute amounts 
of DNA contamination, especially when the number of 
PCR cycles is boosted. This is in sharp contrast with the 
conventional PCR-CE approach, which cannot detect such 

low levels of DNA contamination. In fact, almost half of 
the challenging bone samples analysed in this study showed 
extra-alleles whose origin can be most likely ascribed to a 
contamination issue. We recommend increasing the number 
of measures to prevent contamination during excavation, 
anthropological analysis, and sample storage. People who 
participate in these work procedures should be strict in their 
use of protective clothing, masks, and gloves. In addition, 
the tools used for anthropological measurements should 
be cleaned sequentially with bleach, water, and ethanol. 
Also, more rigorous measures could be used to remove 
surface contamination of the bones, through extending 
the exposure time of bones to bleach before obtaining the 
bone powder. This would increase the possibility of more 
effective degradation of exogenous contamination from 
the bone surface. For more successful removal of surface 
contamination, it is also possible to extend the time the 
bones are exposed to UV radiation. Using both measures 
(extension of chemical cleaning with bleach and extension of 
UV irradiation) could reduce or completely eliminate surface 
contamination due to individuals who were in contact with 
the bones before the genetic analysis [56]. In addition, it 
is highly recommended to increase the number of blank/
negative controls (in particular the ENCs) which have to be 
processed alongside the challenging DNA samples, in order 
to identify the presence of a contamination (for example, one 
ENC could be included every four samples, as described for 
archaeological remains [57]). Lastly, to identify the most 
likely source of this issue, the lab staff working on the bone 
samples should be typed for the selected PCR-MPS kit. It 
is however necessary to be aware that all these procedures 
only help in the identification of contamination but do not 
protect from its occurrence. Finally, in the cost estimation 
for a similar routine approach to challenging specimens, it 
should be considered the rising charge originated from the 
addition of more blank/negative controls. In this work, part 
of the ENCs were analysed via PCR-CE with higher number 
of cycles (33 instead of 30), which represents a cheaper and 
more flexible tool. Further studies are needed, however, to 
establish if this could be a sensitive and reliable enough tool 
in routine analyses.

In conclusion, our study shows that it is possible to perform 
a PCR-MPS approach by typing identity SNP markers on 
challenging bone samples which did not provide genetic 
results using the conventional STR PCR-CE approach. LR 
values obtained in this study show extremely strong support 
to the identification of the bone samples. However, we believe 
that the evaluation of the results should be considered reliable 
only if a positive identification of the samples is obtained 
by comparison with a reference sample, through statistical 
approaches such as RMP or LR. On the contrary, LR values 
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that support the hypothesis of exclusion are inconclusive 
because it is not possible to exclude that exogenous DNA 
contamination substantially impacted the genetic results. 
In fact, the extreme sensitivity of the PCR-MPS [8–10, 42] 
seems to represent the main limit of its employment on the 
challenging bone samples analysed in this study.
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