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Abstract
Biological samples, including skeletal remains exposed to environmental insults for extended periods of time, exhibit increasing
levels of DNA damage and fragmentation. Human forensic identification methods typically use a combination of mitochondrial
(mt) DNA sequencing and short tandem repeat (STR) analysis, which target segments of DNA ranging from 80 to 500 base pairs
(bps). Larger templates are often unavailable as skeletal samples age and the associated DNA degrades. Single-nucleotide
polymorphism (SNP) loci target shorter templates and may serve as a solution to the problem. Recently developed assays for
STR and SNP analysis using a massively parallel sequencing approach, such as the ForenSeq kit (Verogen, San Diego, CA), offer
a means for generating results from degraded samples as they target templates down to 60 to 170 bps. We performed a modeling
study that demonstrates that SNPs can increase the significance of an identificationwhen analyzing DNA down to an average size
of 100 bps for input amounts between 0.375 and 1 ng of nuclear DNA. Observations from this study were then compared with
human skeletal material results (n = 14, ninth to eighteenth centuries), which further demonstrated the utility of the ForenSeq kit
for degraded samples. The robustness of the Promega PowerSeq™ Mito System was also tested with human skeletal remains
(n = 70, ninth to eighteenth centuries), resulting in successful coverage of 99.29% of the mtDNA control region at 50× coverage
or more. This was accompanied by modifications to a mainstream DNA extraction technique for skeletal remains that improved
recovery of shorter templates.
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Introduction

The identification of skeletal remains plays a key role in miss-
ing persons, mass disaster, and military and human rights
cases [1–5]. Working with these types of samples is difficult
as they are often comprised of minute quantities of DNA less
than 150 bps in size, while traditional forensic typing methods
target the recovery, amplification, and analysis of longer
pieces of DNA (typically 80 to 500 bps in size) [6]. With more
degraded samples, the possibility of successfully amplifying
the number of required targets for individualization decreases
[1], particularly in cases of identification involving kinship
matching. Mitochondrial (mt) DNA is present in higher
amounts in the cell than nuclear (n) DNA (100–1000 copies
compared with 2 copies per cell for nDNA, respectively) and
therefore is more likely to persist over long periods of time.
For this reason, mtDNA analysis is often used to support the
identification process, which can associate remains to mater-
nal lineages, and in cases involving the presence of
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heteroplasmy, can provide substantial weight for identification
[7]. Nonetheless, mtDNA analysis is not as discriminating as
the analysis of short tandem repeat (STR) and single-
nucleotide polymorphism (SNP) loci. The challenges when
working on human identification of older human skeletal ma-
terial, however, goes beyond working with fragmented DNA,
as analysts must also consider how to confirm endogenous
results, minimize contamination concerns [8], and
deconvolute sample results containing damage, contamina-
tion, or mixed profiles due, in part, to comingling of remains
in mass graves [9].

Despite these challenges, there have been successful pro-
jects involving aged skeletal remains using STR analysis. An
example is the successful identification of over 17,909 re-
mains from conflicts during the break-up of the former
Yugoslavia [4, 5]. With these successes, however, there are
still samples where identifications have not been possible, as
exemplified with a study on 150 Norwegian skeletal remains
from World War II where 38% of samples failed to yield
suitable DNA profiles [10]. The number of missing person
cases continues to grow with current conflicts and natural
disasters adding to the thousands of unidentified skeletal re-
mains from conflicts associated such as the Korean War [11]
and both World Wars [10, 12].

Advancements in human identification often come
from both the fields of forensic science and ancient (a)
DNA [13, 14]. Research in aDNA routinely leads to the
development of cutting edge methods for the analysis of
skeletal material, as illustrated through successful identi-
fication and genomic analysis of ancient hominins, in-
cluding the discovery of a new hominin population group
[15]. These discoveries are the result of methodological
advancements relating to the successful recovery of ultra-
short copies of endogenous DNA [16–19] library prepa-
ration for low copy number and single-stranded DNA
[20], targeted capture of molecules of interest [21], mas-
sively parallel sequencing (MPS), and subsequent bioin-
formatics for genetic analysis [22]. These techniques,
however, are optimized to answer biological questions
aimed at identifying and comparing population groups,
while forensic scientists look to identify individuals.
Despite this difference, the common objective of recover-
ing small amounts of highly degraded hominin DNA
makes it clear that advancements and discoveries made
in the field of aDNA have a high potential for positive
impact in forensics.

The benefits of implementing MPS are clear, including the
ability to target more loci of varying sizes at a single time to
gain higher discriminatory information, both of which greatly
increase the potential for the identification of biological sam-
ples [23–25]. While MPS is becoming the current standard in
aDNA, applications in forensics are in the evaluation process
for STR, SNP, and mtDNA analyses [7, 26–28]. The benefits

when applied to mtDNA analysis have been demonstrated
through advancements in the identification of human hairs
[29], including the assessment of heteroplasmic drift [30],
but have not been fully explored for aged human skeletal
remains. The PowerSeq™ Mito System kit from Promega,
which targets ten overlapping regions of the mtDNA control
region (CR), was used for both of these studies, demonstrating
the potential for its use with degraded samples. The ForenSeq
kit from Verogen not only targets the 27 STR loci currently
included in conventional STR typing kits but also decreases
the size of the target amplicons and includes 94 informative
identity SNPs and ancestral and phenotypically informative
SNPs with even smaller target sizes [31–36]. SNPs not only
have the benefit of having small target sizes but are easy to
work with analytically and they tend not to be prone to arti-
facts. Due to these reasons, we anticipate that SNPs will be
essential for increasing identification potential in forensic
cases with highly degraded samples, including the identifica-
tion of human skeletal remains.

During the implementation of MPS analysis of SNP loci in
forensic case work, it will be important to understand the
impact of DNA degradation on the interpretation of profile
information. Stochastic sampling as a result of low copy num-
ber and/or degraded DNA is a known phenomenon, often
resulting in differing parameters of analysis for these types
of samples [37, 38]. Previous studies have generally been
limited to scenarios where the nature (fragment size distribu-
tion, damage patterns, etc.) of the DNA was unknown [35,
36]. Here, we investigate the utility of both the ForenSeq
system and the PowerSeq™ Mito kit to human skeletal re-
mains for identification purposes. We first present a sensitivity
test with degraded DNA of two different known size distribu-
tions and five different input amounts to evaluate both the
sequencing results and analytical parameters of the ForenSeq
system when working with highly degraded samples. In a
second phase, we compared the observations from the sensi-
tivity study with results from skeletal remains from the ninth
to eighteenth centuries. Finally, the PowerSeq™Mito kit was
evaluated for mtDNA coverage and haplotype determination
using seventy skeletal remains from the ninth to eighteenth
centuries. This was accompanied by evaluation of modifica-
tions to a mainstream DNA extraction technique for skeletal
remains with the goal of improving recovery of smaller DNA
templates.

Material and methods

Sensitivity study

Biological samples from living donors were collected under
the Penn State University internal review board (IRB) ap-
proved protocol STUDY00000970. Organic DNA extracts
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from buccal swabs of three different donors were sheared to
two different size distributions (average of 150 bp and 100 bp
in size) and diluted to five different input amounts (1 ng,
250 pg, 125 pg, 25 pg, and 5 pg) for the ForenSeq system.
In order to more closely mimic extracts from skeletal material,
the experiment was repeated, this time mixing the sheared
buccal extracts with demineralized animal bone lysate and
purifying the lysate/buccal extract to generate a second ex-
tract. The ForenSeq results were evaluated for coverage (read
depth), concordance, heterozygote balance, and dropout
across input amounts for each size distribution of sheared
DNA and type of extract (buccal versus buccal with
demineralized animal bone). These results were also com-
pared with the results of fourteen human skeletal extracts that
were analyzed with the ForenSeq system.

Shearing sample preparation

The starting material with an average size of 150 bp
(Fig. 1) was sheared from modern buccal DNA extracts
using a Covaris S220; 130 uL sample (approximately
1 μg of total nDNA), 175 peak incident power (w), 10%
duty factor, 200 cycles per burst, 430 s treatment time.
The starting material with an average size of 100 bp
(Fig. 1) was sheared from modern buccal DNA extracts
using a Covaris M220; 130 uL sample (approximately
1 μg of total nDNA), 50 peak incident power (w), 20%
duty factor, 200 cycles per burst, 2400 s treatment time.
Size distributions of samples were confirmed and samples
quantified using a Bioanalyzer 2100 with a high sensitiv-
ity chip (Agilent).

Sample quantification

Extracted samples were quantified for nDNA using the
Quantifiler™ HP kit (cat. no. 4482911) from Thermo Fisher
Scientific, which includes an 80-bp and 214-bp autosomal
target. The short target was used for quantification, while the
larger target was used to evaluate degradation (amount of
smaller target compared with amount of larger target within
a sample). Sheared samples were quantified using results from
the Bioanalyzer 2100 with a high sensitivity chip and then
diluted to the target input amounts for library preparation
(1 ng, 375 pg, 125 pg, 25 pg, and 5 pg). Quantification of
mtDNA copy number was determined using a custom quan-
tification method [30], which includes a 69-bp and 283-bp
target. The two targets allow for quantification of mtDNA
copy number and an assessment of degradation, respectively.

Sensitivity study analysis

The results of the sensitivity study were evaluated for MPS
coverage (read depth), concordance, heterozygote balance

(ratio between the number of reads for each allele at a hetero-
zygous loci), and dropout across input amounts for different
sizes of sheared DNA (average of 150 bp and 100 bp).
Variation of results between amplifications, donors, sequencing
runs, and addition of demineralized animal bone to the sheared
starting material was also evaluated. Dropout and concordance
were evaluated by comparing the resulting genotypes with the
known sequence and identifying full dropout (no observed al-
leles), false homozygote (result of stochastic sampling at a het-
erozygous locus), and consensus sequence. Analysis was com-
pleted with the recommended Universal Analysis Software
(UAS) thresholds from Illumina [35]. A secondary analysis
was completed by setting all thresholds to zero to evaluate if
altered analytical parameters should be used when working
with degraded samples. Results were compared with studies
completed on non-sheared samples [35, 36].

The potential evidentiary weight of resulting genotypes was
determined through the generation of randommatch probabilities
[39] using the FBI CODIS allele frequencies [40] and the
Forensic Resource Reference On Genetics (FROG) knowledge
base comparedwith aPx value (Eq. 1).Maximum randommatch
probabilities were calculated using the alleles with the highest
observed frequency at each locus for a given population group.
The Px value provides an identification threshold that specifies
the most conservative random match probability required to
identify a match as approaching source attribution for a given
number of people (N) in a population to a specific degree of
confidence (α). This was calculated using Eq. 1, with a 0.99
degree of confidence for a world population of 7 billion people,
which provided an identification threshold of 1 in 733 billion, as
a conceptual indication that the individual might be considered
uniquely identified in the world population. In times when there
is not a reference available for the person that is missing, kinship
analysis is often used with references provided by parents or
siblings. Statistics related to kinship analysis were not conducted
for this study, but should be taken into account in future studies.

Px ¼ 1− 1−αð Þ1=N ð1Þ

Human skeletal samples and controls

The human skeletal material used for this study originated
from long bones and teeth from remains at three different sites
in Croatia ranging from the ninth to eighteenth centuries
(Velim-Velistak, Otok Vuletina Rupa-Grebcine, and
Koljani). All skeletal material was selected and prepared at
the University of Split and ground or reground with a
Waring blender at the Pennsylvania State University. A new
extraction protocol was identified (Supplemental Part 1 or
SP1) and applied using 0.50 to 0.59 g of bone powder incu-
bated overnight with rotation at 56 °C in 7.5-mL digestion
buffer (0.5 M EDTA pH 8.0, 1% n-lauroylsarcosine, 10 mg
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proteinase K). The digestion buffer was preheated to 56 °C
before addition to bone powder. Post-incubation, each tube
was spun for five minutes at 2500 rpm and supernatant was
removed and concentrated to approximately 300 μL using a
30-kDa Amicon Ultra-4 filter. Concentrate was then mixed
with 5× Qiagen PB buffer and spun through a Qiagen
MinElute column at 10.6 krpm (12.9 k × g) in an Eppendorf
5415D centrifuged for two minutes in three aliquots. Flow
through was discarded after each spin. The column was then
washed three times with 750 μL of Qiagen PE buffer with two
minute spins at 10.6 krpm. A dry spin was completed at max
speed (13.2 krpm or 16.1 k × g) for one min. The DNA was
then eluted with 40 μL of Qiagen EB buffer after at least
one minute of incubation at room temperature and spinning
at 10.6 krpm (12.9 k × g) for one and a half minutes. Extracts
were stored at − 20 °C.

All contamination controls and modern samples used for
the sensitivity study were taken from buccal swabs in accor-
dance with Penn State University internal review board (IRB)
approved protocol Study 00000970. A cutting from each swab
was placed in a 1.7-mL tube with 400-μL stain extraction
buffer (2% SDS; 10 mM EDTA; 100 mM NaCl; 7.6 mM
Tris-HCl, pH 8.0) and 10 μL Proteinase K (20 mg/mL) and
incubated for at least 1 h at 56 °C. The cotton cutting was then
removed, 400 μL PCIAwas added to the tube and the layers
were mixed through inversion. The tube was then centrifuged
at 7000 rpm (8.5 k × g) for 10 min. The upper aqueous layer
was removed and placed in a new tube where it was mixed
with 40 μL of 3 M sodium acetate, pH 5.3, and then 1.0 mL
ice-cold 100% ethanol. The tube was then incubated at 4 °C
for at least 12 h. After incubation, samples were spun for
10 min at 11 krpm (13.4 k × g) and the supernatant was

Fig. 1 Fragment length distribution of pristine DNA that was sheared
using a Covaris S220 with an average fragment length of 150 bp
(upper) and 100 bp (lower). Results are from a Bioanalyzer 2100 with a
high sensitivity chip (Agilent) and indicate the separation of different

sized DNA fragments in relation to size (bp). The highest point of the
main peak is at approximately 150 bp (upper) and 100 bp (lower). The 35-
and 10,380-bp peaks are internal sizing standards
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discarded. The pellet was washed with 1.0 mL of 70% ethanol
and spun for 5 min at 11 krpm. Supernatant was discarded and
the pellet was left to dry at room temperature in a hood over-
night. The DNA pellet was resuspended in 40 μL of low TE
buffer (1 mM Tris-HCl, 0.1 mM EDTA, pH 8.0) and incubat-
ed at 56 °C for 30 min to reconstitute the DNA extract.

DNA library preparation, sequencing, and analysis

The protocol for the PowerSeq™Mito System kit was follow-
ed for sequencing the mtDNA CR of the seventy human skel-
etal samples. For samples that quantified below the recom-
mended input amount, the maximum input volume of 10 μL
was used. Analysis was performed using GeneMarker® HTS
software by SoftGenetics, LLC version 1.0.1.1191 [41].
Haplotypes were determined and coverage evaluated using a
minimum coverage of 50×. Haplogroups were determined
using the EMPOP mtDNA database, v3/R11. The ForenSeq
kit with Primer Set B from Illumina, which targets 27 STRs,
94 identity SNPs, and phenotypic and ancestry SNPs, was
used for the degradation sensitivity assessment. For human
skeletal samples that were quantified below the recommended
input value (0.2 ng/uL), the maximum input volume of 5 μL
was used. Results were analyzed using the ForenSeq UAS.
The UAS software provides an overview of the sequencing
run quality metrics as well as allele and genotype calling for
the targeted loci in the ForenSeq kit based on preset analytical
and interpretation thresholds [35]. The user is able to review
the results through histograms and pie charts of each locus that
represent the read coverage for each observed allele at that
locus. For routine analysis, the automatic threshold settings
were used (1.5% for analytical and 4.5% for interpretation
with a minimum of 650 reads, Table 1), while for the threshold
evaluation, the individual thresholds were set to zero.

Contamination containment

When working with aDNA from human skeletal remains,
contamination containment is an important consideration, re-
quiring confirmation of endogenous results [8]. Buccal swabs
were collected and typed from all members of both the
Pennsylvania State University and University of Split labora-
tories who were known to be in areas where the materials were
handled, and the experimental DNA results compared with
their STR and mtDNA profiles. Before any laboratory work
was performed, all surfaces and tools were cleaned with 10%
bleach and 70% ethanol and subjected to a UV crosslinker for
at least 45 min. The outer superficial layer of all bones was
removed with a grinding stone, and the bone further cleaned
with bleach, ethanol, and water in order to remove any surface
contamination before pulverizing the bone sample. Reagent
blanks and negative controls were carried through each exper-
iment, and all extractions were performed in a room

maintained for low copy number samples with pre- and
post-PCR rooms separated (see Supplemental Part 3, or SP3,
for reagent blank and negative control results).

Results

Sensitivity study

A highly significant identification RMP was achieved when
using either the STRs or identity SNPs from the ForenSeq kit
for samples down to 125 pgs of input DNA with an average
size of 150 bps (Table 2). While identification potential was
lost at 375 pgs of input DNAwith an average size of 100 bps
for STRs and SNPs in certain population groups, Hispanic
American/Mexican and European American/Caucasian popu-
lation groups maintained a significant minimum RMP down
to 375 pgs. This was determined using maximum RMPs for
Caucasian, African American, and Southwest and Southeast
Hispanic population groups for the average observed consen-
sus loci for each input amount and size of DNA for STRs and
SNPs from Fig. 2 and comparing them with a Px value of 1 in
733 billion. There was no significant difference observed be-
tween the performance of starting material associated with
sheared DNA and samples of sheared DNA mixed with

Table 1 Overview of the standard analysis settings used with the
Illumina UAS software

Threshold Setting Measurement Purpose

Analytical
threshold

1.5% Read coverage of
allele divided by
total read
coverage at locus
(minimum locus
read coverage of
650 reads)

Alleles with
coverage below
this amount are
not analyzed

Interpretation
threshold

4.5% Read coverage of
allele divided by
total read
coverage at locus
(minimum locus
read coverage of
650 reads)

For a locus to be
identified as
homozygous, the
observed allele
must have
coverage above
this threshold

Intralocus
balance
(heterozygous
balance)

50% Read coverage of
minimum
intensity typed
allele divided by
read coverage of
maximum
intensity typed
allele

Identify possible
allelic imbalance
at a locus and
correctly call
heterozygous loci

Stutter Varies
per
locus

(0–25%)

Read coverage of
allele in question
divided by read
coverage of
parent allele

Differentiate
observed stutter
from true alleles
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demineralized animal bone (t test, autosomal STR average P
values 0.217, SNP average P value 0.552, with Table 1 of
Supplemental Part 2, or SP2, providing values for individual
comparisons). The variance observed between sequencing
runs, amplifications, and donors was also not significant,
and was therefore combined for an n = 18 for each input
amount.

Aligning the observations from the sheared data to the se-
quenced human skeletal material revealed that the sheared
DNAwith an average size of 100 bp performed more closely
to actual observations (Tables 2 and 3) and that combining
identity SNPs with STRs increases the ability tomake a highly
significant identification in these types of cases. These human
skeletal extracts were also run on a capillary electrophoresis
(CE) instrument (Applied Biosystems 3130xl Genetic
Analyzer) with the Fusion 6C kit (Promega PowerPlex®),
and no significant difference was observed in terms of number
of alleles between the MPS and CE systems (t test, n = 14, P
value = 0.07237). Across the fourteen samples, alleles were
observed above a stochastic threshold at sixteen different loci
on the CE system. Of these loci, all but four were of compa-
rable size or smaller in relation to the ForenSeq targets of the
same loci.

Threshold evaluation

The UAS system automatically sets thresholds for analysis of
typical forensic samples based on coverage (read depth), but
defaults to set parameters for samples with coverage below
650 reads. With older, degraded samples, it is expected that
lower coverage will be observed. This evaluation was per-
formed to investigate the impact this may have on the stan-
dardized UAS threshold. The average observed coverage for
all input amounts and shear sizes, except for the 150 bp aver-
age samples with input amounts of 1 ng and 350 pg, was
below 650 reads (Fig. 3). This means the default analysis
settings would be used in most cases for analysis with the
UAS software. The difference in read coverage between

samples of an average size of 150 bps compared with samples
of an average size of 100 bps was less pronounced for SNPs
than for STRs (Fig. 3). The average heterozygote balance for
STRs and SNPs of the 150 bp sized fragmented DNA (65.1%
± 22% for STRs and 74.12% ± 18% for SNPs) was above the
threshold of 50% across input amounts, and the range (5 to
100% for STRs and 15 to 100% for SNPs) demonstrated clear
stochastic sampling. Similar observations were found for the
average heterozygote balance for STRs and SNPs for the
100 bp sized fragmented DNA (59% ± 24% for STRs and
70% ± 20% for SNPs, Supplemental Part 4 or SP4) and range
(7 to 100% for STRs and 13 to 100% for SNPs). Elevated
stutter levels were also observed for lower input amounts
(SP4).

mtDNA control region sequencing

The extraction of DNA from 77 human skeletal remains from
three different sites in Croatia resulted in an average recovery
of 395 copies of mtDNA/μL (Fig. 4). Inhibition was not ob-
served when assessed for a selection of the extracts (SP3). A
subset of seventy of the extracts were sequenced, fifteen in
replicate, for a total of 85 samples. Despite the low levels of
recovered mtDNA, on average, 99.29% of the targeted CR
was successfully sequenced at 50× coverage or more across
all samples.

No evidence of contamination from scientists at the
University of Split or Penn State University laboratories was
observed that interfered with haplotype analysis.
Quantification results demonstrated DNA degradation in all
samples. All samples that were amplified in duplicate resulted
in the same haplotypes. Of the 70 samples sequenced, 30
resulted in single source haplotypes while 40 showed back-
ground signal suggesting potential mixtures of two to four
persons. In an effort to avoid overinterpreting these data, the
mixtures were only evaluated for potential contamination. Of
the forty samples that did not appear to be single source,
thirteen were also sequenced on the ForenSeq system which

Table 2 Corresponding maximum RMPs for observed consensus loci
(Fig. 2) for highest three input amounts. In parenthesis is the population
group that had the highest maximum RMP for each number and target

loci. SWH, Southwest Hispanic; EA/C, European American/Caucasian;
HA/M, Hispanic American/Mexican; AA, African American; C,
Caucasian

Input amount Target Sheared DNA 150 bp (n = 16) Sheared DNA 100 bp (n = 18)

Observed
consensus loci

Maximum RMP Observed
consensus loci

Maximum RMP

1 ng STRs 25 < 1 in 5.5 × 10^21 (SWH) 14 1 in 7.6 × 10^11 (SWH)

SNPs 90 1 in 6.9 × 10^36 (EA/C) 66 1 in 6.2 × 10^22 (AA)

375 pg STRs 23 < 1 in 5.5 × 10^21 (SWH) 8 1 in 9.0 × 10^5 (SWH)

SNPs 82 1 in 3.4 × 10^34 (HA/M) 48 1 in 1.0 × 10^14 (AA)

125 pg STRs 19 1 in 2.7 × 10^18 (SWH) 4 1 in 220 (C)
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showed no evidence of a mixture. The haplogroups observed
in the 30 single source samples reflect those commonly ob-
served in medieval Europe (Table 4, [42–45]).

Discussion

In this study, we investigated the utility of both the
ForenSeq system and the PowerSeq™ Mito kit for the

identification of human skeletal remains. The sensitivity
study demonstrated that for samples with an average frag-
ment length of at least 150 bp, an identification can be
confirmed down to an input of 125 pg and that combining
the results of both SNP and STR typing is required for
more degraded samples. The Promega PowerSeq™ Mito
kit demonstrated its robustness with degraded samples
with the successful 50× coverage across 99.29% of the
mtCR for the 70 skeletal samples tested.

Fig. 2 Comparison between observed consensus, false homozygous, and
dropout alleles at STR (upper) and SNP (lower) loci for fragmented DNA
with an average size of 150 bp and 100 bp as compared with known

sequences for 27 STR loci. The left y-axis shows the percent of the 27
loci that fall into each category while the right y-axis shows read depth;
n = 16 for 150 bp and n = 18 for 100 bp

Int J Legal Med



Previous sensitivity studies using DNA primer mix B from
the ForenSeq kit resulted in 100% concordance down to ap-
proximately 125 pg of input genomic DNA for autosomal
STRs and identity SNPs, and above 90% concordance below
62.5 pg of input [35, 36]. This sharply differs from observa-
tions in the current study with degraded DNA, which show
below 90% concordance with input amounts less than 1 ng for
samples averaging 150 bp in size and below 90% concordance
for more fragmented samples at all tested input amounts,
affirming the need for in-depth studies of these types of sam-
ples. The differences in these observations most likely are due
to the fragmented nature of DNA used for our test. The poten-
tial for SNPs to provide supplementary information in highly
degraded samples has been observed in other studies [36], but
not consistently with normal input amounts of 1 ng [35]. The
results of this study clearly demonstrate the ability of SNPs to
increase identification potential for highly degraded DNA as
they remained below the 50% line of dropout until 125 pg and
375 pg of input respectively for 150 bp and 100 bp nDNA.
This is emphasized further when comparing the randommatch
probabilities in Table 2 for both STRs and SNPs.

As expected when working with degraded and low copy
number samples, stochastic effects were observed throughout
the study. The observed impact of these effects was greater on
STR loci than on SNP loci. With decreased input amounts,
allelic dropout increased resulting in false homozygote calls
for both STRs and SNPs (Fig. 2). Elevated stutter for the STR
loci was also observed, but 81% of the observed stutter at each
loci across input amounts stayed below the stutter thresholds
(SP4 Fig. 4) and the average heterozygote balance stayed
above 50% for input amounts of 125 pg and greater across

most loci (SP4 Fig. 3). This heterozygous imbalance was less
pronounced for SNPs than STRs, with averages above 60%
for input amounts of 25 pg and higher (SP4 Fig. 2). These
observations not only emphasize the need for duplicate ampli-
fication, as already recommended in other studies [38], but
also demonstrate that SNPs not only provide supplementary
information for when STR alleles cannot be typed but also
provide more reliable results for cases with highly degraded
samples.

The difference in observations from previous studies that
focused on more pristine samples [35, 36] and between the
different types of input DNA used in this study (two different
sized sheared DNA and human skeletal remains) point out the
importance of understanding the nature of the DNA being
analyzed. The sensitivity study in this paper utilizes shearing
with a Covaris, which results in a normal fragmentation curve
(Fig. 1), while previous studies [46] show an exponential size
decay. This means that actual samples would have a greater
proportion of smaller DNA fragments than the artificially
fragmented samples used in this study. This could also explain
the difference between the observations of the sensitivity test
and results with actual skeletal material. Previous tests on
DNA fragmentation patterns have been performed in ancient
DNA labs, focusing on much older samples than are typically
seen in forensic casework. MPS opens the door to increase our
understanding of how to work with highly degraded samples,
and in turn, the ability to identify people from more and more
challenging samples. Based on the results of this study, for
STR loci, it would be recommended to use loci observed to
be heterozygous for input amounts less than 375 pg with
highly fragmented samples in order to avoid false homozygote
genotyping. Overall, our results suggest that supplementing or
switching from STRs to SNPs for human identification cases
with samples comprised of low copy number and highly
fragmented DNA (average size of 150 bps or less) would both
increase identification potential and decrease the chance of
reporting erroneous findings.

Successful MPS analysis of the mtDNA CR at 50×
coverage and an average of 99.29% of the CR demon-
strate the robustness of the PowerSeq™ Mito kit for cases
with low quantity and highly degraded mtDNA.
Recommendations for confirming the endogenous nature
of the results for aDNA and forensics [8] were followed
to the extent possible. Based on phylogenetic sense
(Table 1), negative and contamination controls (SP3),
quantification amounts (Fig. 4), and reproducibility
through sequencing (SP3), the mtDNA results for samples
with a single major profile were identified as endogenous.
To avoid over interpretation, we decided not to
deconvolute the observed mixture profiles in the remain-
ing samples. The ability to confirm the endogenous nature
of results based on molecular behavior (i.e., damage pat-
terns and fragment size distribution) is limited for forensic

Table 3 The number of STR and SNP loci with alleles above
interpretation (stochastic) and analytical threshold for fourteen human
bone extracts and their respective input amounts for sequencing

Sample no. nDNA input
amount (pg)

Observed
STR loci

Observed SNP loci

V-V 22 1 ng 0 0

V-V 14 1 ng 7 4

K 54.2 300 0 0

V-V 40 300 13 36

K 54.2 200 0 0

V-V 14 100 14 24

V-V 38 56.5 3 7

V-V 38 50 4 4

K 43.2 22 3 3

K 43.2 15.5 1 1

K 50 13 0 0

K 28.2 – 5 16

K 28.2 – 1 7

K 28.2 – 2 8
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Fig. 3 Median total reads observed per autosomal STR (upper) and SNP (lower) locus across five different input amounts for DNA of an average size of
150 bp (n = 12) and 100 bp (n = 18)
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science due to the use of PCR-based sequencing and rare
access to shotgun sequencing in crime laboratories.
Current studies are beginning to characterize expected
damage patterns for more recent samples [47, 48], but
more extensive studies need to be performed before these
characterizations are implemented widely. MPS has al-
ready been used to characterize these damage problems
[48, 49] and has been suggested as a way to help in

deconvoluting mixtures [25]. For future studies, taking
smaller samples of powder from various locations on a
single bone [1] may help to differentiate between contam-
ination, damage, and endogenous DNA.

Human identification cases related to mass disasters or
grave sites can involve thousands of unidentified remains,
while missing person cases may only involve one individual.
In order to efficiently handle this range in a number of sam-
ples, developed methods must be scalable and cost-effective at
both ends of the sample spectrum. This includes not only the
cost of reagents but also the hands-on time required by tech-
nicians and analysts. With the implementation of robots and
automation [50] into these pipelines, there is the potential to
improve work efficiency.

Extensive studies and validations have been completed
for multiple MPS kits and typical forensic samples
[31–36], demonstrating the strength of the application to
forensic casework. This study also demonstrates the abil-
ity for the forensic field to more confidently and accurate-
ly work with more degraded samples by including SNPs.
For those cases with highly degraded DNA, increased
studies on the characterization of DNA recovered from
more recent human skeletal material will continue to in-
crease our ability to correctly analyze the results from
these types of samples and provide better guidelines for
analysis. This characterization will only be possible
through the implementation of MPS in order to evaluate
more completely the fragment size distributions and dam-
age patterns, as has been done for aDNA samples.

Table 4 Observed haplogroup frequencies from the thirty samples that
produced a single donor mtDNA profile in comparison with previously
observed modern [43] and medieval [45] haplogroup frequencies. The

haplogroup M is not typically associated with European samples. V-V,
Velim-Velistak; O, Otok Vuletina Rupa

Haplogroup Site Modern Croatia
(n = 488)

Medieval Croatia
(n = 7)

Koljani (n = 15) V-V (n = 14) O (n = 1)

F 0.00 0.00 0.00 0.20 0.00

H 73.33 21.43 100.00 45.29 62.00

HV 6.67 0.00 0.00 4.07 4.00

I 0.00 7.14 0.00 2.61 0.00

J 0.00 0.00 0.00 9.83 15.00

K 6.67 0.00 0.00 4.30 3.00

L 0.00 7.14 0.00 0.20 0.00

N 0.00 0.00 0.00 0.82 0.00

R 0.00 14.29 0.00 0.00 0.00

T 0.00 7.14 0.00 5.98 2.00

U 6.67 35.71 0.00 18.85 13.00

V 0.00 0.00 0.00 3.89 1.00

W 0.00 0.00 0.00 1.84 0.00

X 6.67 0.00 0.00 1.84 0.00

M 0 7.143 0 0 0

Fig. 4 The distribution of recovered mtDNA concentrations (counts/μL)
from three different archeological sites in Croatia using a 60-bp target for
quantification by qPCR. The black line represents the median, while the
red “x” the respective mean. The mean for each site is also noted above
each site in red

Int J Legal Med



Conclusions

The combined observations for sequencing results with both
the PowerSeq™ Mito kit and Illumina’s ForenSeq kit for
highly fragmented DNA demonstrate the success of using
MPS with highly degraded samples for STR, iiSNP, and
mtDNA analyses. The findings using the PowerSeq™ Mito
kit resulted in at least 50× coverage across 99.29% of the
mtCR for 70 samples from the ninth to eighteenth centuries.
The assessment of the ForenSeq system successfully demon-
strated its potential to improve identification capacity when
working with degraded DNA. In cases where the average
fragment size of recovered nDNA is 150 bp, identification
can be confirmed for total DNA inputs from 125 pg to 1 ng.
For more highly fragmented DNA, at an average size of
100 bp, both SNP and STR typing are required for a signifi-
cant match for total DNA inputs from 375 pg to 1 ng.
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