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1 Introduction

Human identification in forensics is conventionally per-
formed by PCR analysis of a selected core of autosomal
STR markers [1, 2]. In addition to this standard approach,
and depending on the particular casework, lineage markers
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Performance of the ForenSeq™ DNA
Signature Prep kit on highly degraded
samples

Next generation sequencing (NGS) is the emerging technology in forensic genomics lab-
oratories. It offers higher resolution to address most problems of human identification,
greater efficiency and potential ability to interrogate very challenging forensic casework
samples. In this study, a trial set of DNA samples was artificially degraded by progressive
aqueous hydrolysis, and analyzed together with the corresponding unmodified DNA sam-
ple and control sample 2800 M, to test the performance and reliability of the ForenSeq™
DNA Signature Prep kit using the MiSeq Sequencer (Illumina). The results of replicate
tests performed on the unmodified sample (1.0 ng) and on scalar dilutions (1.0, 0.5 and
0.1 ng) of the reference sample 2800 M showed the robustness and the reliability of the
NGS approach even from sub-optimal amounts of high quality DNA. The degraded sam-
ples showed a very limited number of reads/sample, from 2.9-10.2 folds lower than the
ones reported for the less concentrated 2800 M DNA dilution (0.1 ng). In addition, it was
impossible to assign up to 78.2% of the genotypes in the degraded samples as the software
identified the corresponding loci as “low coverage” (< 50x). Amplification artifacts such
as allelic imbalances, allele drop outs and a single allele drop in were also scored in the de-
graded samples. However, the ForenSeq™ DNA Sequencing kit, on the Illumina MiSeq,
was able to generate data which led to the correct typing of 5.1-44.8% and 10.9-58.7% of
58 of the STRs and 92 SNPs, respectively. In all trial samples, the SNP markers showed
higher chances to be typed correctly compared to the STRs. This NGS approach showed
very promising results in terms of ability to recover genetic information from heavily de-
graded DNA samples for which the conventional PCR/CE approach gave no results. The
frequency of genetic mistyping was very low, reaching the value of 1.4% for only one of
the degraded samples. However, these results suggest that further validation studies and
a definition of interpretation criteria for NGS data are needed before implementation of
this technique in forensic genetics.
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(i-e., Y-chromosome and mitochondrial DNA markers), X-
chromosome STRs and autosomal SNPs can provide use-
ful tools to complement genetic identifications, to deter-
mine exclusions and to generate investigative leads based
on phenotypic or ethnicity-predicting DNA markers [3]. All
these DNA typing systems can be multiplexed together to
maximize the discriminating power required to address
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most problems of human identification. The final step is
then represented by capillary electrophoresis (CE), the pri-
mary methodology to separate and detect alleles and base
sequences.

During the last ten years, a new technology has been de-
veloped, based on the use of high-throughput platforms [4].
The Next Generation Sequencing (NGS) technology, in fact,
offers the opportunity to sequence entire genomes or hun-
dreds of selected genes/loci simultaneously in a very efficient
way [5-8]. In the last few years, new NGS platforms, based
on different sequencing chemistries, were developed to an
extraordinary high-throughput level leading to the reduction
of the DNA sequencing cost per sample. For example, in
ancient DNA (aDNA) studies, a discipline with many over-
lapping issues with forensic genetics [9], the NGS approach,
either in the form of direct (shot-gun) or targeted enrichment
or sequence capture sequencing, now represents the “gold
standard” in technology [10, 11]. More recently, the first kits
designed for forensic identification purposes have been de-
veloped and customized [12].

Reliability of the results obtained from de-
graded/damaged DNA samples is a critical concern in
forensic genetics as well as in aDNA analyses [9]. In fact,
in post mortem tissues, the degree of DNA degradation
increases at a rate, which mostly depends on environmen-
tal conditions [13]. It is well known that DNA damage
hinders polymerization; consequently, the main feature
of degraded samples is that they are quite refractory to
PCR amplification [13, 14]. It is therefore a common
finding to achieve partial or no profiles at all from these
kinds of damaged/degraded DNA samples which can be
characterized, in addition, by the presence of PCR artifacts
potentially affecting the correct assignment of the genotypes.
To overcome this concern, several analytical strategies
have been developed such as the increase of the number
of PCR cycles [14, 15], the reduction of the size of the
amplicons [16, 17], the post-PCR cleanup of the amplified
products [18], and, more recently, the repair of the DNA
template in a pre-PCR step [19]. Currently, NGS represents
the technology with the highest sensitivity; for this reason,
there is a strong interest in understanding its ability to
recover as much genetic information as possible from highly
degraded forensic DNA samples for which the conventional
PCR/CE approach failed [12]. This potential clearly emerged
from the first study on this topic which was performed using
the HID-Ton AmpliSeq™ Identity Panel kit on sonicated
DNA samples [20].

In this paper, a trial set of DNA samples was artifi-
cially enriched in Apurinic-Apirymidinic sites (A-P sites) [21],
the most frequent lesion found in aged and probably even
in forensic DNA samples [22]. This set of damaged DNA
samples was used to evaluate the performance and reliabil-
ity of the ForenSeq™ DNA Signature Prep kit (in its beta
version) using the Illumina MiSeq NGS sequencer. This
kit allows the simultaneous typing of 29 autosomal STR
markers, 25 Y-STR markers, 9 X-STR and 95 identity in-
formative SNP markers when using primers mix A [23].
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The aim of this study is to evaluate the ability of this new
technology to produce reliable genetic results from diffi-
cult samples, in comparison with the conventional PCR/CE
approach.

2 Materials and methods
2.1 Samples

Sample FM was obtained from the buffy coat derived from
500 mL of a male donor’s blood who provided informed con-
sent in agreement with the Ethical Committee of the A.U-O
of Trieste (Italy). Briefly, after phenolic extraction and ethanol
precipitation, the sample was resuspended in bi-distilled wa-
ter, quantified by NanoDrop ND-1000 (Thermo Fisher Scien-
tific Inc., MA, USA), aliquoted in Eppendorf tubes and stored
at —20°C until use.

To enrich the samples in A-P sites, a method previously
published was followed [24]. Briefly, 200 p.L aliquots, each one
containing about 13 pg of DNA, were incubated in a water
bath at 70°C for 6.0, 8.0 and 10.0 hours (namely sample FM-6,
FM-8 and FM-10, respectively). After incubation, each sample
was immediately centrifuged in TE (10 mM Tris pH 7.4, 0.1
mM Na, EDTA pH 8.0)-equilibrated Ultracel 3 K Amicon Ul-
tra columns (Millipore, MA, USA) for 30 min at 12 000 rpm.
The retained samples were washed once with TE, centrifuged
at 12 000 rpm for 20 min and finally recovered following the
manufacturer’s recommendations. The samples were then
adjusted with TE to a final volume of 300 pL and stored at
—20°C until further use. A negative control of sample prepa-
ration (NCSP), represented by TE filtered through Ultracel 3
K column, was also included.

To assess the molecular weight (MW) of the samples,
aliquots of each sample were run through 1.2% agarose gels
stained with Ethidium Bromide (0.5 wg/mL). \/HindIII and
Easy Ladder (purchased from Bioline, UK) were run simulta-
neously as MW markers.

2.2 DNA quantification

One-microliter aliquots from each sample were quantified us-
ing NanoDrop spectrophotometry. In addition, qPCR-based
methods were used to test the amplifiability of the samples.
Quantifiler Human DNA Quantification kit and Quantifiler
Human DNA Trio Quantification kit (Thermo Fisher Scien-
tific) were used to test 1.0 pL aliquots of each sample in tripli-
cate assays, following the manufacturer’s recommendations,
on a 7500 Real Time PCR System (Thermo Fisher Scientific).
Calibration was performed in triplicate. No template con-
trol and NCSP were included. The degradation index (D.I.)
for the Quantifiler Trio was calculated by the ratio between
the SA (small amplicon) and LA (large amplicon) quantifica-
tion data. The UV/qPCR ratios were calculated as previously
published [24].



DNA control sample 2800 M was provided with the
ForenSeq™ DNA Signature kit at a nominal concentration
of 10 ng/p.L.

2.3 NGS experiment
2.3.1 Library preparation and sequencing

The beta-version of the ForenSeq™ DNA Sequencing kit (I1-
lumina) was used to prepare the libraries. As recommended
in the ForenSeq™ DNA Signature Prep Guide [23], one
nanogram of the unmodified control sample FM DNA, to-
gether with three scalar amounts (1.0, 0.5 and 0.1 ng) of
sample 2800 M were used as positive controls.

The maximum input DNA volume (5.0 wL) was utilized
for the degraded samples FM-6, FM-8 and FM-10. The result-
ing DNA amounts were 1.68, 0.840 and 0.055 ng for samples
FM-6, FM-8 and FM-10, respectively, as assessed by the
Quantifiler Trio SA probe. Similarly, two dilutions of sample
FM-6, namely FM-6 (1:1) and FM-6 (1:3) containing 0.840 and
0.420 ng, respectively, were also prepared and included in
the experiment. In total, nine samples were analyzed in
duplicate tests. A negative PCR amplification control (no
template—NTC) and the NCSP were processed alongside
the steps of the experiment, according to the manufacturer’s
recommendation [23].

Briefly, the DNA samples were amplified and tagged
through 18 cycles in a GeneAmp® PCR System 9700 ther-
mal cycler, according to the protocol described in [23]. The
DNA primer mix A (DPMA) selected for this experiment al-
lowed the simultaneous amplification of 62 STR markers (28
autosomal, 25 Y-chromosome, 9 X-chromosome) plus Amel-
ogenin and 95 identity informative SNPs. The target enrich-
ment procedure was completed by adding index adapters to
the tagged DNA templates and setting up 15 additional PCR
cycles. Each library was then purified and normalized by the
bead-based recommended procedure. Five microliter aliquots
of each one of the twenty normalized libraries were pooled to-
gether. Seven microliters of the pooled libraries were diluted
with the hybridization buffer (HT1), added to the Human
Sequencing Control (HSC) and denatured following the rec-
ommended procedures.

2.3.2 NGS run and data analysis

The sequencing run was performed on the MiSeq® sys-
tem (Illumina) converted into the MiSeq FGx Forensic Ge-
nomic System version according to the manufacturer’s pro-
tocol [23,25]. Data analysis was initially performed using the
provided beta version of the ForenSeq Universal Analysis
Software. Quality metrics (intensity, i.e., number of reads and
the corresponding alleles) for each run were then converted
into a Microsoft Office Excel 2007 spreadsheet and analyzed
with Excel and R, version 3.0.1 (2013-05-16, Copyright 2013
The R Foundation for Statistical Computing). The following
analyses were then performed.

2.3.3 Molecular analysis

The mean number of reads/sample was calculated from the
overall number of reads for the STR and SNP panels in the
two experiments. For example, the calculation performed for
the 1.0 ng dilution of sample 2800 M is the following: (511
850 + 246 002)/2 = 378 926 (see Supporting Information
Table S1). To evaluate the intra-experiment variability (e.g.,
between the data recovered from the two replicates of each
sample), the number of reads for each marker was trans-
formed in two-axes plot diagrams. The concordance was then
calculated by r°.

The average depth of coverage (DoC)/locus was calcu-
lated by dividing the overall number of reads generated for
a specific panel (in the two runs) by the number of mark-
ers of the same panel which gave at least 50 reads (that is
the cut-off value for locus call). For example, the 0.1 ng di-
lution of sample 2800 M gave an overall number of 191 732
reads generated by 125 markers producing at least 50 reads.
Therefore, the average DoC/locus was calculated as follows:
191 732/125 = 1534 (see Supporting Information Table S1).
The same raw datasets were also used to calculate the median
and the min/max values.

The relative DoC (rDoC) of each locus was calculated for
samples FM and the 1.0 ng dilution of sample 2800 M by
dividing the average number of reads of that specific marker
by the average number of reads of the corresponding panel.
For example, a total of 324 939 and 336 841 reads were gen-
erated for the STR panel in the two replicates of control
sample FM, respectively (mean = 330 890). In those tests,
22 541 and 23 115 reads were assigned to locus D22S1045,
respectively (mean = 22 828). Therefore, the rDoC of locus
D22S51045 in sample FM was calculated as 22 828/330 890 =
0.0689.

For the STR panel, the percentage of stutter reads was
calculated by dividing the number of reads identified as stut-
ter products (e.g., -1 repeat) by the total number of reads of
the corresponding STR panel.

2.3.4 Genetic analysis

The default settings of the ForenSeq Universal Analysis Soft-
ware Guide [26] were applied to the data generated in the
experiment. The software was programmed to provide analy-
sis metrics, describing the quality of the data generated locus
per locus.

The minimum DoC to assign a genotype depends on the
NGS technology and on the end-point of the study [27-30].
The only pivot study performed with the ForenSeq™ DNA
Sequencing kit reported a minimum DoC of 10x [31]. Our
preliminary data analysis, performed with a cut off of 30x,
evidenced mistyping error rates of up to 2.2% in these three
trial samples [32]. For this reason, we tried to reduce these
error rates by increasing the minimum coverage for “locus
call” to 50x. Below this cut-off value, each specific locus was
tagged by the software with the flag “low coverage”.



The analytical (AT) and interpretation (IT) thresholds
were set up as follows: for loci with DoC from 50x to 650x:
10 and 30 reads, respectively; for loci with DoC = 651x: 1.5%
and 4.5% of the total reads of the locus, respectively.

The heterozygote balance for each STR and SNP locus
was calculated by dividing the number of reads of the lower
covered allele by the higher one. Values < 0.60 were tagged
by the software with the flag “imbalance”.

Stutter bands for the STR loci were identified by the
software according to predefined % intensity values of the
true allele, as reported in the ForenSeq Universal Analysis
Software Guide [26]. These values show a high degree of
variability, ranging from 7.5% for D4S441 and Penta E to 50%
for DYS481. The software tagged the locus with a “stutter
flag” when stutters were above the predefined % intensity
values.

The correctness of the allelic calls was initially verified
comparing the genotypes recovered from each replicate of
sample 2800 M to the expected genotypes of this reference
control sample reported in the ForenSeq™ DNA Signature
Prep Guide [23]. The allelic calls of each replicate of sam-
ples FM-6, FM-8 and FM-10 were compared to the genotypes
obtained from the reference sample FM. The comparison al-
lowed an easy identification of the amplification artifacts in
each replicate.

The interpretation guidelines for genotyping the NGS
data obtained from the two replicate analyses of each sample
are based on the “consensus” approach [33] and are described
as follows, according to [24] with minor changes:

(i) no result (NR) for a given locus was defined when at least
one of the two replicates gave either low coverage (e.g.,
< 50x) or allelic reads below the interpretation threshold;

(ii) the genotype for a given locus was considered correct (C)
if both tests gave the expected genotype;

(iii) when different genotypes are obtained at a given locus
in the two replicate analyses, the result was considered

unreliable (U), as it was not possible to unambiguously
assign a genotype for that given locus;

(iv) the genotype for a given locus was considered wrong (W)
if both replicates showed the same incorrect genotype.

In order to identify sequence variants, STR alleles gen-
erated by NGS were verified with STRait Razor [34] when
possible.

2.4 Conventional PCR/CE

The same maximum input DNA volume (5.0 wL) utilized
for the NGS analysis of degraded samples FM-6, FM-8 and
FM-10, was used for the conventional STR typing approach
amplifying the 16 STR loci plus Amelogenin contained in the
commercial kit PowerPlex® ESI 17 system (Promega, USA),
in duplicate tests. Five-hundred picograms of the unmodi-
fied control samples FM and 2800 M were tested. Both NTC
and NCSP were included. Thirty cycles of PCR were per-
formed under standard conditions. The resulting amplified
PCR products were then separated by capillary electrophore-
sis using a 3500 Genetic Analyser Sequencer (Thermo Fisher
Scientific). The analytical (AT) and interpretation (IT) thresh-
olds were set at 100 and 300 rfu respectively. The genetic
typing of the samples was performed following the “consen-
sus” approach described above.

3 Results and discussion

3.1 DNA degradation

In order to produce damaged DNA samples useful to test
the reliability of the NGS approach, three trial DNAs (namely
FM-6, FM-8 and FM-10) were artificially degraded by aque-
ous hydrolysis, according to a simple and well-defined

Table 1. Molecular features of the trial DNA samples. NanoDrop: amount of DNA as assessed by UV spectrophotometry at 260 nm
(mean =+ s.d.). qPCR-based quantification: amount of DNA (mean + s.d.) as assessed by real-time PCR using the Quantifiler and
Quantifiler Trio kits, respectively. The calibration data showed r? values > 0.998 in the ranges of quantification (from 50.0 ng to
23.0 pg for Quantifiler and from 50.0 ng to 5.0 pg for Quantifiler Trio). hnTERT: human telomerase reverse transcriptase. Y: Y-
specific probe. SA: small autosomal probe. LA: large autosomal probe. In round brackets, the length of the molecular probes, in
bp. In square brackets, the UV/qPCR ratios. IPC: C; values of the Internal Positive Control

Sample Incubation time NanoDrop gPCR-based quantification (ng/p.L)
at 70 °C (hours) (ng/pL) Quantifiler Quantifiler Trio

hTERT (62 bp) IPC Y (75 bp) SA (80 bp) LA (214 bp) IPC

FM (ctrl) 0 329+07 31.384 + 2.721 252402 29.063 + 2.454 32.946 + 3.094 44531 £ 4.251 27.3+0.1
[1.0] [1.1] [1.0] [0.7]

FM-6 6.0 38.0+038 1.305 £+ 0.158 253+0.1 0.274 £ 0.021 0.336 + 0.030 < Loa 26.9 +0.1
[29.1] [138.7] [113.1]

FM-8 8.0 329+1.2 0.399 + 0.037 252402 0.124 +0.01 0.168 =+ 0.007 undetermined 26.8 +0.2
[416.5] [1,096.7] [1,134.4]

FM-10 10.0 388+1.0 0.045 4+ 0.010 254402 0.008 =+ 0.001 0.011 4 0.001 undetermined 26.7 £0.1
[862.5] [4,850.0] [3,227.0]




depurination protocol [24]. This procedure enriches the tem-
plates in A-P sites [21], promoting DNA degradation via B-
elimination [35]. In addition, deamination of the nucleobases
occurs in these samples even though at low level [36]. The
main molecular features of these three trial samples and of
the control sample FM are summarized in Table 1. Samples
FM-6, FM-8 and FM-10 exhibited a mean molecular weight
(MW) < 500 bp, with a degree of degradation proportional
to the length of the treatment (see Supporting Information
Fig. S1).

Another important feature is that all treated samples were
quite refractory to polymerization as shown by the limited
amount of DNA assessed by the four qPCR probes used
in this study. This finding emerged clearly when the UV
quantification data were compared to the amount of DNA
assessed by each molecular probe [24], thus calculating each
probe-related UV/qPCR ratio. In addition, it was impossi-
ble to calculate the degradation index for the Quantifiler Trio
data as the LA gave no results for all the trial DNA samples.
Negative control samples (NCSP and NTC) gave the expected
results (undetermined for all the probes). The untreated sam-
ple FM showed UV/qPCR ratios close to one (0.739-1.132)
and a degradation index of 0.74. These values are typical of
high-molecular-weight DNA [24]. No inhibition was detected
in all samples as shown by the C; values of the IPC (Inter-
nal Positive Control) probes of the qPCR kits. As shown in
Table 1, those values were in fact consistent with the average
IPC C,; values of the quantification standards (25.0 £ 0.2 for
Quantifiler and 27.2 £ 0.7 for Quantifiler Trio).

In conclusion, the three samples, whose molecular fea-
tures are described above, can be used as models to mimic
problematic forensic DNA samples.

3.2 NGS analysis
3.2.1 MiSeq run data

The MiSeq sequencing run showed a mean cluster density
of 1112 K/mm? and produced about 13.2 M reads. Of these,
about 92.8% passed the quality filters. An overall value of
0.196% of the molecules had a cluster phasing while about
0.088% had a cluster pre-phasing. Therefore, all the parame-
ters of this run completely fulfilled the recommended param-
eters of MiSeq platforms [26, 31].

3.2.2 Control DNAs (samples 2800 M and FM)
and negative controls

The beta version of the ForenSeq™ DNA Signature kit con-
tained four STRs (namely DXS10148, DXS8377, DYS456 and
SE33) which are now not present in the current commer-
cial version of the ForenSeq™ DNA Signature kit. In this
paper, the genetic results for these four markers were not
considered.

3.2.2.1 Control sample 2800 M

The NGS results obtained for the duplicate tests of scalar
amounts (1.0, 0.5 and 0.1 ng) of control sample 2800 M
are reported in Supporting Information Table S1. The mean
number of reads/sample was 378 926, 301 731 and 138 926
for DNA input of 1.0, 0.5 and 0.1 ng, respectively. These val-
ues exceeded by 37.7-46.5% those reported elsewhere for
the same amounts of this control sample [31]. The most
likely explanation for this finding is that in our experi-
ment 20 samples per run were pooled, whereas Churchill
et al. [31] pooled 32 samples per run. In addition, it was
observed that about 67.1-69.0% of the reads were gener-
ated for the STR panel and no more than 2.2-4.5% of the
reads of the STR panel were identified as stutter products (-1
repeat).

Reads were generated for all the markers of both pan-
els, in each one of the three 2800 M DNA dilutions. The
0.1 ng DNA dilution showed the highest variability between
the two replicates, as indicated by lower 7* values denoted on
the concordance column. The average DoC across STR and
SNP panels for the three 2800 M DNA dilutions are shown
in Supporting Information Figs. S2 and S3, respectively. No
correlation between the average DoC found for each marker
and the length of the corresponding amplicon was found for
the two panels of markers. This difference in the average
DoC within and between STR and SNP markers has already
been described [31]. According to previous reports it could be
ascribed mainly to a different efficiency of the target enrich-
ment procedure caused by the peculiar melting temperature
of each one of the multiplex-couples of primers used in the
experiments [14, 31, 37].

Out of the 58 STR loci (plus Amelogenin) considered in
this study, low coverage of the locus (e.g., DoC < 50x) was
found only for the 0.1 ng 2800 M DNA dilution, with a fre-
quency of 0.009. The imbalance of heterozygous loci was ob-
served mainly in the 0.1 and 0.5 ng dilutions of sample 2800 M
(frequency of 0.482 and 0.089, respectively, versus 0.036 of the
1.0 ng dilution), as previously reported [31]. In addition, the
most unbalanced allele was the longer one with a frequency of
0.764, a finding already observed in previous studies [38—40].
Two stutter reads above the defined parameters were found:
the first one affected one of the two 1.0 ng replicates at locus
DYS576 and the second one affected one of the two 0.1 ng
replicates at locus D12S391. No other artifact was scored for
the STR panel of markers. Sequence variance (e.g., repeat-
motif variations) was observed atlocus D9S1122 [31] in all the
replicates.

Out of the 95 SNP markers considered here, locus
1s2342747 gave the homozygous genotype A/A versus the
expected A/G in all the tests performed. This locus has been
already described to be prone to locus and allele drop outs [31].
Low coverage of the loci was found only in the 0.1 ng dilu-
tion with a frequency of 0.016. In addition, for the SNP panel
of markers, imbalance was observed mainly in the 0.1 and
0.5 ng dilutions (frequency of 0.428 and 0.128, respectively,
versus 0.071 of the 1.0 ng dilution). Reads below the IT were



scored in the 0.1 ng sample with a frequency of 0.028. No
other drop outs were observed.

The results described here show the robustness and reli-
ability of the NGS approach even from sub-optimal amount
of high-quality DNA [12,31]. However, it is likely that the low
frequency of artifacts found in these dilutions of the control
sample 2800 M is due to high number of reads/sample which
were obtained, thanks to the reduced number of samples
(n = 20) pooled in the library.

3.2.2.2 Control sample FM

As described in paragraph 2.3.3, the NGS analysis of 1.0 ng
of the control sample FM generated a mean value of 472 502
reads, among which 70.0% were obtained for the STR panel
with 1.3% of the reads of this panel identified as stutters
(see Tables 2 and 3). The total number of the reads of sam-
ple FM exceeded by 19.8% the value found for the same
input DNA (1.0 ng) of control sample 2800 M. A variation (in
reads/sample) of up to 34.5% has been already described in a

Table 2. NGS analysis of the STR panels for samples FM, FM-6, FM-8 and FM-10. Reads: overall number of reads obtained in the two
tests. In bold characters, the reads assigned to markers with > 50x coverage. In brackets, the overall number of markers with >
50x coverage in the two tests. Concordance: 12 values of the X-Y plots representing the concordance between the two replicate
tests. DoC: depth of coverage/locus (reads/locus) calculated on markers with > 50 reads. The mean values (+ standard
deviation) are reported in italic while the median values are in bold characters. The min/max values are in brackets. Low
coverage: frequency of markers showing < 50 reads not considering the locus DXS8377 (*) (see also paragraph 3.2.2).
Imbalance: frequency of heterozygous imbalanced loci. In brackets, the ratio between the reads of the two alleles (mean +
standard deviation). Drop out: frequency of drop outs for heterozygous markers. |.T.: frequency of reads below the
interpretation threshold. Stutter: percentage of the reads attributed to stutter products out of the total number of reads. In
brackets, the frequency of stutter products whose number of reads exceeded the defined thresholds (see Materials and

Methods for details). Drop in: frequency of drop ins

Sample Reads Concordance DoC Low coverage Imbalance Drop out I.T. Stutter Drop in
FM (ctrl) 661780 0.965 5336+ 5415 0* 0.057 0 0 1.27% 0
661 707 3817 (0.562 = 0.026) (0)
(124/126) (143; 32 339)
FM-6 131734 0.915 1905+ 2873 0.436 0.323 0.117 0.029 1.91 % 0.014
131482 125 (0.429 £ 0.112) (0)
(69/126) (51;12703)
FM-8 44571 0.807 1011+ 1328 0.634 0.440 0.320 0 373% 0
44 492 468 (0.361 £ 0.112) (0.045)
(44/126) (54; 5 765)
FM-10 18 804 0.627 669 + 802 0.761 0.277 0.444 0111 0.31% 0
18734 337 (0.302 + 0.120) (0.027)
(28/126) (56; 3 126)

Table 3. NGS analysis of the SNP panels obtained from samples FM, FM-6, FM-8 and FM-10. Reads: overall number of reads obtained in
the two tests. In bold characters, the reads assigned to markers with > 50x coverage. In brackets, the overall number of markers
with > 50x coverage in the two tests. Concordance: r? values of the X-Y plots representing the concordance between the two
replicate tests. DoC: depth of coverage/locus (reads/locus) calculated on markers with > 50 reads. The mean values (+ standard
deviation) are reported in italic while the median values are in bold characters. The min/max values are in brackets. Low
coverage: frequency of markers showing < 50 reads, not considering the rs2342747 and 430046 markers (*) (see paragraph
3.2.2.2). Imbalance: frequency of heterozygous imbalanced loci. In brackets, the ratio between the reads of the two alleles
(mean =+ standard deviation). Drop out: frequency of drop outs for heterozygous markers. |.T.: frequency of reads below the

interpretation threshold

Sample Reads Concordance DoC Low coverage Imbalance Drop out I.T.

FM (ctrl) 283224 0.904 1522+ 1044 0* 0.045 0 0
283 155 1205 (0.477 £+ 0.077)
(186/190) (128; 5 784)

FM-6 128 789 0.977 935+ 1865 0.257 0.326 0.102 0.073
128 129 303 (0.407 £ 0.135)
(137/190) (54; 11 630)

FM-8 66 647 0.958 718+ 1740 0.494 0.242 0.242 0.054
66 026 216 (0.357 4 0.156)
(92/190) (53; 11 518)

FM-10 30015 0.949 698 + 1400 0.757 0.166 0.333 0.050
29322 167 (0.357 £ 0.018)

(42/190) (63; 7 290)




previous paper [31], for the same amount (1.0 ng) of two dif-
ferent DNA control samples (cell lines 2800 M and 9947A).
Therefore, it is likely that the inter-sample variation found
here could be ascribed to poor precision in the quantification
of the samples as well as to intrinsic chemical features of the
templates [31, 35]. Reads were generated for all markers of
both panels, with low variability between the two replicates
(r* =0.965 and 0.904 for STR and SNP markers, respectively).

Very similar variations in DoC for STR markers were
found between sample FM and the control DNA 2800 M.
This emerged by the comparison of the relative DoC (rDoC)
of each locus in the two samples (see Supporting Information
Fig. S4). The mean ratio value + s.d. was, in fact, 1.015 +
0.412 (median value = 0.991; min = 0.078; max = 3.370).
It is interesting to note that the markers characterized by
the lowest ratios (DY456 and DXS8377) were removed from
the commercial version of the kit, while marker DYS392,
showing aratio of 3.370, has been already described [31] as the
most variable in terms of DoC among different samples. The
frequency of imbalance of heterozygote STR loci was 0.057,
for sample FM, similar to the one found for control sample
2800 M (0.036). Marker DYF387S1 showed a tri-allelic pattern
(37/38/39) which is a frequent finding for this duplicated
marker [41].

Also, very similar variations in DoC were found for SNP
loci between samples FM and 2800 M (see Supporting In-
formation Fig. S5). The mean ratio value + s.d. was, in fact,
1.056 £ 0.274 (median value = 1.045; min = 0.005; max =
1.632). Also for this panel of markers, it is interesting to note
that the markers characterized by the lowest ratios (rs2342747
and rs430046) have been already described [31] as those most
affected by artifacts. In addition, these two loci showed low
coverage in all the replicates. For this reason, they were not
further considered in this study. Allelic imbalance of SNP
loci showed a frequency of 0.045 similar to the one (0.071)
calculated for the same amount of DNA of sample 2800 M.

In conclusion, control DNA 2800 M and the high-
molecular-weight DNA sample FM showed comparable fea-
tures in terms of NGS typing results for both panels of STR
and SNP markers.

3.2.2.3 Negative controls

No reads were scored for the STR panel in the two negative
controls. A total of 14 and 18 reads were scored in the NTC
and, respectively, the NCSP for the SNP panel. Below the AT,
no more than 2 reads/locus were found.

3.2.3 Samples FM-6, FM-8 and FM-10

Quantification of degraded samples is a critical concern in
forensic and ancient DNA analysis [13,22]. Molecular quan-
tification of such samples provides, in fact, only an assess-
ment of the DNA amount “relative” to the qPCR probe
selected [24]. In addition, in this study, the degradation index
of samples FM-6, FM-8 and FM-10 could not been calculated

thus supporting the evidence of a severe modification of the
templates. For these reasons, we did not follow the recom-
mendation of using 1.0 ng of genomic DNA as reported in
the ForenSeq™ DNA Sequencing kit protocol [23] but rather
decided to employ the maximum allowed DNA volume for
the NGS reaction, corresponding to 5.0 pL (equivalent to
1.64-0.055 ng of DNA, as assessed by the SA probe).

The NGS results achieved for these degraded samples
are shown in Tables 2 and 3, for STR and SNP markers,
respectively. A significant decrease in the number of reads
was evidenced in these damaged templates in comparison to
the unmodified sample FM. This reduction was 35.2 and 9.4
folds lower compared to the control FM, for the STR and the
SNP panels, respectively, and 10.2 and 2.9 folds lower than
the 2800 M 0.1 ng dilution, for the STR and the SNP panels,
respectively. Finally, the number of markers which produced
reads in both replicates was dramatically reduced.

As expected, the mean DoC/locus decreased severely,
especially for the STR loci, in relation to the increase in
degradation of the templates. The most likely explanation is
that the target enrichment procedure (performed by PCR)
was inhibited by the molecular damage of the samples
[14, 24, 42, 43]. This general trend is clearly described in
Supporting Information Figs. S6 and S7 where the num-
ber of reads obtained for the three degraded FM samples
and the unmodified FM control were reported and com-
pared for each marker of the STR and SNP panels. An in-
teresting finding was that NGS produced a higher number
of reads in sample FM-6 than in control FM for three STR
(namely, DYS385A-B, DYS505 and TPOX) and ten SNP mark-
ers (158037429, rs1413212, rs2269355, rs2040411, rs1493232,
rs576261, rs1058083, rs1028528, rs221956 and rs1490413) out
of the total number of 155 markers. A possible explanation
for this result can be the DNA amount of sample FM-6 em-
ployed for the tests (1.68 ng as assessed by the SA). Never-
theless, other different mechanisms could be involved. Even
in sample FM-10 (where 0.055 ng of DNA was used), in fact,
markers rs2269355 and rs576261 gave higher DoCs than in
control sample FM.

A possible explanation for this result is that the primer
annealing sequences for the amplification of these loci could
be less damaged than those of the other markers, being poorly
represented in purinic compounds. For this reason, an un-
known high number of intact annealing sequences, preferen-
tially amplified in a general situation of damaged sequences,
could be the explanation for the increase of the DoC in these
markers. Even the nucleotide position of the purinic lesion
within the primer sequence could affect the PCR efficiency.
However, more studies are necessary to elucidate this finding.

As reported in Tables 2 and 3, the analysis of STR and
SNP data showed a high percentage of loci which gave none or
less than 50 reads in the three trial samples (up to 75.7-76.1%
in sample FM-10) and a positive trend between the extent of
DNA degradation and the % of low-covered loci. Although
this setting of the cut-off value is arbitrary, and leads to a loss
of genetic information of up to 5.7% (when compared to the
cut-off of 30 x) [32], we believe that a conservative approach



focused on the reliability of the results is what is needed in
forensic genetics when validation studies are underway to
better understand the potential of an innovative technique.

Last, the percentage of low-covered loci was higher in the
STR panels that in the SNP ones, for samples FM-6 and FM-
8 (43.6% versus 25.7%, in FM-6 and 63.4% versus 49.4%, in
FM-8).

The allelic imbalance varied from 0.277 to 0.440 and from
0.166 to 0.326, for STR and SNP markers, respectively. In
70.3% of the STR markers, the allele with higher molecular
weight was less amplified.

Allelic reads below the 30 reads interpretation threshold
(IT) were scored for loci with a DoC between 50 and 650 reads.
In detail, three STR and seventeen SNP markers showed
allelic reads below the IT in the trial DNA samples.

Allelic drop outs were seen for both STR and SNP mark-
ers. As expected, the frequency of these artifacts increased
proportionally to the extent of degradation in the trial sam-
ples, reaching the highest frequency in the most degraded
sample FM-10 (up to 44.4% and 33.3% for STRs and SNPs,
respectively). In addition, the longer allele of the heterozy-
gous genotype dropped out in 60.8% of the cases, for STR
markers. In Fig. 1, the number of reads of the surviving al-
leles for the dropped out genotypes are shown, subdivided
in four intervals. Interestingly, allelic drop out occurred even
for STR markers characterized by a DoC = 601x, reaching
the considerable coverage of 1445, for allele 7 of the THO1
locus, in sample FM-8. For SNP markers this misleading re-
sult was scored only for loci with DoCs < 244x. These results
highlight that a potentially misleading amplification artifact
such as an allelic dropout could be a crucial concern even for
NGS technology especially when the analyses are performed
on highly degraded samples.

Stutter products above the defined setting parameters do
not constitute an important artifact, as they were found only in
three cases. However, this spurious PCR product could origi-
nate potentially misleading results. In fact, the NGS results of
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Figure 1. Number of surviving alleles recorded in the trial sam-
ples for the STR and SNP panels. X-axis: number of reads subdi-
vided in four categories; Y-axis: number of observations.

locus D17510301 for sample FM-8 showed a stutter product
(allele 11) whose number of reads (326) was even higher than
the one of the expected real genotype 12/12 (75 reads). Again,
the NGS results of locus THO1 (expected real genotype 7/9.3)
for sample FM-10 showed instead allele 6 with a 35x coverage
(and then above the interpretation threshold), the surviving
allele 7 with a 265x coverage and allele 9.3 dropped out.

A single PCR artifact identifiable as “drop in” was ob-
served in the damaged trial samples. This occurred at locus
D22S1045 of sample FM-6 which even showed a genotype
characterized by alleles 16 (35x) and 17 (57x) instead of the
expected true genotype 11/12.

In conclusion, these results clearly point out the need for
replicates, at least in two different experiments carried out
under the same analytical conditions, to prevent the risk of
mistyping, especially for poorly covered loci.

3.2.4 Dilutions of sample FM-6

The NGS analyses of two dilutions of 5.0 pL each of sam-
ple FM-6, namely FM-6 (1:1) and FM-6 (1:3), are reported
in Supporting Information Tables S2 and S3 (for STR and
SNP markers, respectively). A trivial result was that the to-
tal mean number of reads/sample and the mean DoC/locus
were always lower than the ones described for sample FM-6.
The frequency of loci with DoC < 50x increased dramatically
reaching the values of 0.587 and 0.594 for STRs and SNPs,
respectively, for the FM-6 dilution 1:3.

Several allelic reads below the IT were scored. This
last finding was observed for loci with a low depth of
coverage (mean 99x + 38x for STRs and 65x + 19x for
SNPs). In two cases, spurious reads substituted the dropped
out allele of a heterozygous locus (D2S441 and D3S1358).
Other spurious reads were sporadically generated for both
STR and SNP markers. Allelic drop outs were observed
for both STR and SNP markers. The DoC of the surviv-
ing allele was <234x and <74x, for STR and SNP markers,
respectively.

An interesting amplification artifact was also found at
locus D7S820 (expected genotype 8/8) of dilution FM-6 (1:1).
In detail, the NGS approach displayed 93 reads of the ex-
pected (GATA)g repeat sequence and 38 reads of a mutated
(AATA)(GATA); one. The molecular origin of this repeat se-
quence variation is only presumptive but it is well known that
the presence of A-P sites can promote preferential and un-
specific incorporation of Adenine [43]. In addition, another
possible explanation for this finding is that deamination of
the Cytosine to Uracil can lead to G—A transitions [44]
as the one observed for the first base of the tetrameric
repeat.

In conclusion, even the NGS data results obtained from
two dilutions of the less damaged trial sample FM-6 are con-
sistent in identifying the risk of mistyping when the molecu-
lar data of poorly covered loci are used for personal identifi-
cation purposes, in particular if a single NGS experiment is
performed.



3.2.5 Genetic typing of the samples

The ability of the NGS approach in recovering reliable genetic
results from artificially degraded samples was checked by
comparing the genetic typing obtained for samples FM-6,
FM-8, FM-10 with the corresponding reference DNA FM.
Fifty-eight STRs and ninety-three SNPs were the bulk set of
markers for the comparisons.

The interpretation guidelines for genotyping the NGS
data obtained from the two replicate analyses of each sample
are based on the “consensus” approach [24, 33] and have been
already described in paragraph 2.3.4. The concordance of re-
sults among the replicates of the degraded samples and the
final comparison with the expected genotypes of reference
sample FM allowed us to assign each STR and SNP genotype
to one of the following four categories: correct (C), no result
(NR), unreliable (U) and wrong (W) result. Figures 2A and
2B show the distribution of the frequencies of each category,
for STR and SNP markers respectively, obtained from the
analysis of the three trial samples.

The frequency of correctly typed loci was inversely related
(* from 0.971 to 0.999) to the degree of chemical damage of
the templates (see Supporting Information Fig. S8). As ex-
pected, the less damaged sample FM-6 showed the highest
frequency of correctly typed loci (44.8 and 58.7% for the STR
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Figure 2. 2A and 2B. Results of the genetic typing for trial
samples, according to the interpretation guidelines described in
paragraph 2.3.4 (C: correct typing; NR: no result; U: unreliable typ-
ing; W: wrong typing). A: STR panel; B: SNP panel. X-axis: sam-
ples FM-6, FM-8 and FM-10; Y-axis: frequency of each genotyping
category.

and the SNP panels, respectively) while the most degraded
sample FM-10 revealed the lowest number of markers suc-
cessfully typed (5.1 and 10.9%, for the STR and the SNP
panels, respectively). All these data together indicate that the
SNPs panel is two times more efficient than the STR panel
in providing correct genotypes, at least for the extremely de-
graded sample FM-10.

In Figs. 3 and 4 are represented the STR and SNP mark-
ers which showed correct results for the degraded samples
FM-6, FM-8, FM-10, and their relative amplicon sizes. No cor-
relation between the amplified markers and the correspond-
ing amplicon size was found, at least for STR loci. Markers
DYS505 and DYS385A-B were correctly typed for the most
degraded sample FM-10, in fact, even though they are char-
acterized by quite different amplicon sizes (174 and 335 bp,
respectively). Differently, for the most degraded sample FM-
10, the correctly typed SNPs seem to cluster on the left side
of Fig. 4, characterized by loci with short amplicon sizes.

The STR and SNP markers correctly typed in sample
FM-10 also gave the expected correct genotypes in the less
damaged samples FM-6 and FM-8, as shown in Figs. 3 and 4.

A positive trend between the number of loci which pro-
vided “no result” and the extent of degradation of the samples
was also observed. The frequency of the loci which gave “un-
reliable results”, that is different typing results in the two
replicates, was higher for the STR panel, reaching the value
of 5.2% for sample FM-10 (for the SNP panel no more than
2.2% of the markers gave this outcome) (see Fig. 2A and B).

According to the conservative criteria described in inter-
pretation guidelines for genotyping, only two loci gave incor-
rect (“wrong”) results in both replicate tests, when compared
to the expected genotypes, thus showing that a cut-off value
of 50x eliminated genotyping errors in samples FM-6 and
FM-10. The STR locus THO1 typing gave in both replicates of
sample FM-8 only the reads of allele 7 (1,445x in the first test
and 917x in the second one) instead of the expected genotype
7/9.3. The SNPs typing of locus rs722290 (expected genotype
C/G) gave in both replicates of sample FM-8 only the reads
of allele G (64x in the first test and 244x in the second one).
This point can be extremely relevant when forensic casework
will be routinely approached with the NGS technology.

The genetic typing of the two dilutions of sample FM-6,
namely FM-6 (1:1) and FM-6 (1:3), showed that an increased
dilution correlates negatively to the number of correctly typed
loci. In addition, it was observed that the most diluted sam-
ple FM-6 (1:3) provided the highest frequencies of genotypes
assigned to the category of “no result”, according to the crite-
ria described in paragraph 2.3.4 (see Supporting Information
Fig. S9A and B). No incorrect genotype was scored while the
frequency of “unreliable results” was <0.017. In Supporting
Information Figs. S10 and S11 are represented the STR and
SNP markers which showed correct results for the diluted
samples FM-6 (1:1) and FM-6 (1:3). As already observed for
the degraded samples FM-6, FM-8, FM-10, only a limited
number of markers gave a good coverage thus allowing a
correct typing in the diluted samples.
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3.3 STR Analysis by CE

The same amounts of DNA utilized for the NGS analysis of
degraded samples FM-6, FM-8 and FM-10, were used also
for the conventional STR typing approach amplifying the 16
STR loci plus Amelogenin contained in the commercial kit
PowerPlex® ESI 17 system, in duplicate tests. The results
showed all the peculiar features of degraded/modified DNA
samples, characterized by partial profiles with loss of high-
molecular-weight markers and the presence of amplification
artifacts such as allelic imbalances and drop outs (data not
shown). The STR typing of sample FM-6 allowed the cor-
rect genetic typing of 8 out of 16 STRs (50%) plus Amelo-
genin, while the number of correctly scored STRs was 5 out
0f'16 (31.5%) plus Amelogenin, for sample FM-8. The conven-
tional PCR-CE analysis provided reliable results from three
low molecular weight loci (D3S1358, D16S539 and vWA)
which gave no result by employing NGS-based tests. More
interestingly, PCR-CE analysis gave the correct genotype
(7/9.3) atlocus sample THO1 of sample FM-8 while NGS pro-
vided the incorrect 7/7 genotype (see Supporting Information
Table S4). No marker could be typed for sample FM-10.
No amplicon was found in the negative controls (NTC and
NCSP).

4 Concluding remarks

The results reported in this study are the first data gathered
on the reliability of the NGS analysis using the ForenSeq™
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DNA Sequencing kit on degraded samples. At present, only
a single study [31] approached challenging DNA samples but
this study reported the results focusing mainly on the concor-
dance of the data with the conventional PCR/CE methods. In
the present paper, a DNA sample (namely sample FM) was
artificially enriched in A-P sites, thus producing three differ-
ently degraded trial DNA samples (FM-6, FM-8 and FM-10).
Even if the limit of this assay is that the DNA samples were
enriched in specific lesions [21, 24, 35, 36], despite the large
number of different DNA damages which can be found in
real case-work samples [13], we believe that this approach can
confidently represent a model to study the performance and
the limits of this new NGS technology in forensic genetics.
The results of the three degraded samples were then com-
pared with those of the undegraded sample FM and those
of three dilutions (1.0, 0.5 and 0.1 ng) of reference sample
2800 M. Finally, also conventional PCR/CE analysis was per-
formed on the three trial samples as well as on the undegraded
control.

In order to increase the number of reads/sample, the
libraries of a reduced number of samples (twenty) were
pooled together in this study, a strategy suggested to max-
imize the depth of coverage when challenging samples are
considered [23,37]. However, despite this approach, the num-
ber of reads obtained from the three trial DNA samples was
2.9-10.2 folds lower than the ones reported for the less con-
centrated control DNA 2800 M dilution (0.1 ng). This ob-
servation is consistent with findings already reported for
other difficult samples [31]. In addition, it was impossible
to assign up to 78.2% of the genotypes in the trial samples,



as the corresponding loci were flagged by the software as
“low-covered” markers (< 50x). Both the decrease of the num-
ber of reads/sample and the increase of the percentage of
low-covered loci were proportional to the extent of the degra-
dation in each trial DNA sample. Other analytical parameters,
such as the number of PCR cycles of the target enrichment
procedure and library preparation should be evaluated in a
future prospective in order to optimize the NGS approach
to highly degraded samples [31]. In addition, since our data
highlighted higher amplification efficiency for a specific set
of STR and SNP markers in the trial samples, it could be
interesting to investigate the amplification efficiency of these
markers in other difficult DNA samples, potentially driving
toward the selection of the best set of markers for forensic
applications.

The ForenSeq™ DNA Sequencing kit run on the Illu-
mina MiSeq was able to generate data which led to the correct
typing of 44.8%, 18.9%, 5.1% of the STRs and 58.7%, 34.7%,
10.9% of the SNPs of trial samples FM-6, FM-8 and FM-10,
respectively. These data support the common sense conclu-
sion that the ability to recover reliable genotypes is inversely
proportional to the extent of degradation of the samples. How-
ever, the SNP markers showed in all trial samples, that they
had higher chances to be typed correctly compared to the
STRs.

This NGS approach seems to offer very promising per-
formances on heavily degraded DNA samples. In fact, while
the conventional approach (PCR/CE) on the most degraded
trial sample (sample FM-10) gave no results, three STRs
(one autosomal and two Y-chromosome STRs) and ten au-
tosomal SNPs gave reportable genotypes with this NGS as-
say (see Figs. 3 and 4). The 1/random match probability
value (that is the LR) calculated for the autosomal loci [45]
gave a result of 1.7 x 10°, which can be considered an
excellent achievement, for such a highly damaged DNA
sample.

The NGS assay showed very reliable results. The fre-
quency of the genetic mistyping was very low, reaching the
value of 1.4% only for sample FM-8. It is interesting to note
that, in two cases of erroneous typing, the same allele dropped
out in the two replicates while the surviving alleles showed
a considerable number of reads, far above the interpretation
threshold value (1,445x and 917x for allele 7 of THO1 locus;
64x and 244x for allele G of rs722090 locus). This finding
points out that even for NGS the risk of mistyping (that is,
in these two cases, to type as homozygous a genotype instead
of the correct heterozygous one) could not be eliminated by
duplicate tests.

In addition, our results point out that validation studies
and the definition of standard operating procedures for the
interpretation of the NGS DNA typing results are needed in
order to evaluate carefully the application of this technology in
forensic human identification even if very promising results
have been already achieved [12].
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