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Abstract Short tandem repeat (STR) typing from skeletal
remains can be a difficult task. Dependent on the environ-
mental conditions of the provenance of the bones, DNA
can be degraded and STR typing inhibited. Generally,
dense and compact bones are known to preserve DNA
better. Several studies already proved that femora and
t e e t h h a v e h i g h DNA t y p i n g s u c c e s s r a t e s .
Unfortunately, these elements are not present in all cases
involving skeletal remains. Processing partial or singular
skeletal elements, it is favorable to select bone areas
where DNA preservat ion is comparably higher.
Especially, cranial bones are often accidentally discovered
during criminal investigations. The cranial bone is com-
posed of multiple parts. In this examination, we evaluated
the potential of the petrous bone for human identification
of skeletal remains in forensic case work. Material from
different sections of eight unknown cranial bones and—
where available—additionally other skeletal elements,
collected at the DNA department of the Institute of
Legal Medicine in Ulm, Germany, from 2010 to 2017,
were processed with an optimized DNA extraction and
STR typing strategy. The results highlight that STR
typing from the petrous bones leads to reportable profiles

in all individuals, even in cases where the analysis of the
parietal bone failed. Moreover, the comparison of capil-
lary electrophorese (CE) typing to massively parallel se-
quencing (MPS) analysis shows that MPS has the poten-
tial to analyze degraded human remains and is even capa-
ble to provide additional information about phenotype and
ancestry of unknown individuals.
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Introduction

Considering its structure, double-stranded DNA is a stable
inert molecule. This advantage enables the reliable use of
molecular genetics for the attribution of crime scene traces
to a perpetrator in forensic science. Mostly, the forensic
molecular analysis comprises biological samples that
originate from biofluids and carry enough cellular materi-
al for STR analysis [1].

Identifying human remains from autopsies, from mass
graves, or for paternity testing, biological material like blood
or saliva is either not present or strongly degraded due to
advanced putrefaction and cannot be used for DNA analysis
anymore. In those cases, remaining/available bones and teeth
have to be used for molecular identification. Preservation of
DNA in bones is favored because of the binding of the DNA
to hydroxyapatite [2]. Ambient temperatures also increase the
chance of DNA survival by slowing down hydrolysis and
oxidation processes [3]. Unfortunately, the environmental
conditions of samples used for forensic identification are often
not ideal for DNA recovery. In skeletal remains, the presence
of inhibitors found at the excavation side or crime scene, e.g.,
humic acids, inhibits the amplification process resulting in a

Electronic supplementary material The online version of this article
(doi:10.1007/s00414-017-1653-z) contains supplementary material,
which is available to authorized users.

* Galina Kulstein
Galina.Kulstein@uniklinik-ulm.de

1 Institute of Legal Medicine, Ulm University Hospital,
Albert-Einstein-Allee 23, 89081 Ulm, Germany

2 Institute of Forensic Sciences, DNA department, Bavarian State
Criminal Police Office, Maillingerstr. 15, 80636 Munich, Germany

Int J Legal Med (2018) 132:13–24
DOI 10.1007/s00414-017-1653-z

http://dx.doi.org/10.1007/s00414-017-1653-z
mailto:Galina.Kulstein@uniklinik-lm.de
http://crossmark.crossref.org/dialog/?doi=10.1007/s00414-017-1653-z&domain=pdf


reduced amount of amplified PCR product [4]. Additionally,
contamination with modern DNA occurring from work-
ing staff during exhumation, improper storage, and an-
thropological investigation makes it even more challeng-
ing to gain genuine STR profiles and sequences from
skeletal remains [3].

An efficient extraction method for the analysis of chal-
lenging bone and teeth samples should remove all inhibi-
tors as well as gain the maximum of the preserved DNA
[5].

In the last years, researchers found out that total demin-
eralization is a crucial step in bone and teeth analysis and
many extraction protocols are based on this approach
[e.g., 6–10].

Also, the choice of the sampling material can influence
the STR typing. In general, dense and compact bones are
known to preserve DNA better than cancellous and brittle
bones do [3, 10, 11]. The results of multiple studies high-
light that long bones and teeth are the most appropriate
samples for genetic analysis [12–17]. Especially, sam-
pling material from the diaphysis of femora and humeri
can contain high amounts of endogenous DNA [18].
According to Edson et al. [12] and Milos et al. [13], skull
bones are one of the least suitable elements for genetic
analysis. Recently, however, ancient DNA (aDNA) stud-
ies have shown that the inner part of the petrosal bone can
be used for sequencing analysis of ancient remains from
Holocene archeological context [19] and even from warm
climates from Early Neolithic [20].

To produce investigative leads in human identification
cases, additional information about the individuals can be
gained from a variety of markers including ancestry-
informative markers and phenotype-informative single nu-
cleotide polymorphism (SNP). Massively parallel se-
quencing (MPS) is a high throughput technology that of-
fers the capacity to analyze a combined marker set of re-
peat and sequence variants simultaneously without any
further sample consumption [21]. The Illumina marker
set consist altogether of a set of 229 markers.

The aim of this examination was to evaluate the poten-
tial of the petrous bone, one of the most compact bones in
the human body, for human identification of skeletal re-
mains in forensic casework. Bone powder was taken from
endogenous petrous bones from a selection of eight cra-
niums that have been collected at the DNA department of
the Institute of Legal Medicine in Ulm, Germany, from
2010 to 2017 and was processed with an optimized ex-
traction and STR typing strategy. Furthermore, the appli-
cability of MPS for the characterization of individual’s
ancestry and external physical traits of the unidentified
human remains was evaluated and outcome of MPS STR
analysis was compared to the results of conventional
PCR/CE analysis.

Material and methods

Samples

We analyzed eight cases involving cranial bones that have
been preserved over the last 7 years. All skulls are acciden-
tal discoveries that were introduced to our laboratory by
criminal investigation departments. One case was a recent
identification and the whole skeleton was available. The
state of preservation and the integrity of the skull bones
varied. In one case, teeth were additionally available for
analysis, while in the other cases, the mandibles were
completely missing. In all cases except B3 and B7, alterna-
tive skeletal elements, e.g., the parietal bone or a femur,
have been analyzed too to show differences in sample
selection.

Age, geographical locations, and climate context as
well as environmental conditions of the provenance of
the specimen are unknown, except for case B1 where 14C
radiocarbon dating and a morphological age determination
were accomplished. The histomorphological data suggest
that the individual from case B1 was between 15 and
30 years old. Radiocarbon dating shows that the 14C con-
centration lies within the range of an age plateau and can
only be vaguely dated to originate in the years between
1640 and 1960. Also, during the investigation of case B8,
the cranium could be assigned to a missing person who
disappeared in 1998.

Sample preparation

The temporal bone was isolated with an oscillating saw
and photo-documented. The selection of the sampling
area (see Fig. 1) within the temporal bone was done ac-
cording to Hines et al. [22] and Pinhasi et al. [19] who
performed an intra-sample comparison of three distinct
areas within the petrous bone for DNA extraction. Bone
powder was obtained intracranially with a rasp after the
outer layer was rasped and discarded, because of poten-
tial contamination with modern DNA. Alternative sam-
pling was performed simultaneously from a femur, a
tooth, or parietal bones with the single difference that
the tooth was decontaminated prior to sampling and only
15 mg of tooth powder was used for extraction proce-
dure. For decontamination, the tooth was washed twice
with commercial bleach (10%) and shaken for 30 s. The
wash was followed by a second one with deionized water
that was submerged 5 min. A final wash was accom-
plished with 96% ethanol. Afterwards, the tooth was
placed in a sterilized fume hood for at least 2 h to air-
dry. Other precautions regarding contaminations during
DNA analysis were arranged, too: Pre-PCR and post-
PCR procedures were performed in separated rooms
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under a particulate air filter. Gloves, a face mask, a dis-
posable laboratory coat, as well as a snood were worn at
all experimental steps. Negative extraction and PCR con-
trols were performed in parallel with each extraction.

DNA extraction

Total demineralization was carried out with ~300 mg bone
powder in a 2ml tube with 1.5 ml of a demineralization
buffer according to [23] containing EDTA (pH 8.0,
0.5 M) with N-laurylsarcosinate, ATL buffer (Qiagen,
Hilden), Proteinase K, and DTT. The mixture was incubat-
ed at 56 °C in a rotating shaker. After 20 h of incubation, the
lysate was shortly centrifuged to separate the remaining
bone powder from the solvent phase. To concentrate the
DNA, repetitively, 500 μl of supernatant was pipetted on
a Microcon DNA Fast Flow Centrifugal Filter Unit (Merck
Millipore, Darmstadt) and centrifuged at 500 g until the
flow through has passed. The lysate was collected and an
automated extraction procedure was carried out using the
Maxwell® RSC Blood DNA Kit (Promega, Mannheim) on
the Maxwell® RSC instrument (Promega, Mannheim) ac-
cording to the manufacturer’s recommendations. The elu-
tion volume was 50 μl.

Quantification

DNA extracts were quantified with the PowerQuant™
System (Promega, Mannheim) according to the manufac-
ture r ’s recommendat ions us ing 5 μ l o f ex t rac t .
Amplification was carried out on the 7500 Real-Time
PCR System (Applied Biosystems, Darmstadt). Data were
analyzed with the PowerQuantAnalysis 1.0.0 tool. The
PowerQuant™ Kit provides quantitative analysis of

human and male DNA and additionally determines a deg-
radation index (DI) using the ratio of one long and one
short amplicon and an internal PCR control (IPC), which
is highly beneficial for degraded forensic samples like
bones.

STR typing and capillary electrophoresis

Amplification was accomplished with two distinct kits,
with alleles considered as genuine only if present in both
amplifications or if the allele could be clearly assigned. A
result was classified as successful if reproducible results
were obtained from a minimum of 8 autosomal loci and
the sex indicating locus amelogenin. STR typing was per-
formed with the Investigator® ESSplex SE QS Kit (Qiagen,
Hilden) and with the PowerPlex® ESX 17 Fast System
(Promega, Mannheim) according to the manufacturer’s pro-
tocol on a Biometra thermocycler with 30 cycles using
10 μl of DNA extract. For case B1 and case B2, the DNA
analysis of the alternative skeletal elements was accom-
plished in 2010–2011. During this period, the in-house de-
veloped Multiplex Kit P11 including 11 markers (based on
the Q8 system) was used for STR typing [24].

An ABI PRISM 3130 Genetic Analyzer was used for
product separation and detection of amplicons. For the
capillary electrophoresis, 1 μl of amplified DNA product
was added to 12 μl Hi-Di™ formamide and 0.5μl-size
standard BTO550 for ESSplex SE QS Kit detection or
mixed with 10 μl Hi-Di™ formamide and 1 μl of WEN
ILS 500 pro for the detection of ESX 17 Fast products.
Reaction plates were sealed and incubated for 5 min at 92
°C for denaturation. Samples were injected for 16 s at
1.2 kV using a 36cm array with performance optimized
polymer (POP) 7 as a separation matrix. The resulting
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Fig. 1 Computed tomography (CT) scans were done with the iCT256
(Philips) and 3D reconstruction was performed with the RadiAnt DICOM
Viewer v3.4.1.13367. a Localization of the temporal bone within the

cranial bone. Lateral view. b Endocranial (medial) view of the petrous
bone. Sampling area is highlighted
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data were analyzed using GeneMapper ID v3.2 with a
defined peak threshold of 50 relative fluorescent units
(rfu).

Massive parallel sequencing with the Illumina MiSeq®

Sequencing was performed on the Illumina MiSeq® FGx
Forensic Genomics System at the Bavarian State
Criminal Police Office in Munich. The ForenSeq®
Signature Prep Kit was used to prepare libraries accord-
ing to the manufacturer’s recommendations [25]. All
cases were included into the analysis and consensus pro-
files were obtained from two replicate analyses. The
analysis comprised both primer sets A and B resulting
in the overall evaluation of 229 markers: amelogenin,
27 autosomal STRs, 24 Y-STRs, 7 X-STRs, 54 biogeo-
graphical ancestry SNPs, 94 identity SNPs, and 22
phenotype-informative SNPs. Thresholds were set up as
recommended: analytical threshold was at 4.5% and in-
terpretation threshold at 1.5% of the total reads of the
locus. Intralocus balance of STRs and SNP was set to
60%. Stutter bands for STR loci were identified accord-
ing to predefined % intensity values (ranging from 7.5–
33% for autosomal STRs and from 15–50% for X- and Y-
STRs) reported in the ForenSeq Universal Analysis
Software Guide [25]. Amplifications (PCR1 and PCR2)
were carr ied out in a Mastercycler thermocycler
(Eppendorf, Hamburg) according to the manufacturer’s
protocol using 5 μl of the DNA extracts. Following nor-
malization, 10 μl of the normalized libraries was pooled
and sequenced.

Data analysis

Analysis of the MPS data was accomplished by the
ForenSeq® Universal Analysis Software (UAS).
Concordance was assessed by the comparison of the over-
lapping 16 STR loci of the MiSeq system and of the ABI
3130 instrument generated data using the Investigator
ESSplex SE QS (Qiagen, Hilden) and the PowerPlex®
ESX 17 Fast System (Promega, Mannheim).

Statistics

Principal component analysis (PCA) of ancestry-
informative SNP data as well as phenotyping SNP data
evaluation was accomplished by the UAS. Phenotyping
SNP data for bones 6 and 8 were not evaluated by the
UAS system. So SNP data were analyzed with the
HIrisPlex eye and hair color DNA phenotyping webtool
(http://hirisplex.erasmusmc.nl/#) [26, 27].

Results and discussion

This examination aims to assess the potential of the pe-
trous bone for the individualization of unidentified human
skeletal remains in forensic casework. Moreover, the per-
formance of MPS STR analysis was compared to the re-
sults of conventional PCR/CE analysis and the applicabil-
ity of MPS for the characterization of physical traits, and
biogeographical ancestry was evaluated.

Optimization of DNA extraction

In the last years, plenty optimized DNA extraction pro-
tocols for bone samples have been published. Most of
them include a total demineralization step intended to
improve the DNA recovery, which is followed by a
silica-based column extraction [6, 8, 9]. Some of the pre-
sented protocols, especially the procedure published by
Huel et al. [23] for the International Commission on
Missing Persons (ICMP) in 2012, require huge volumes
of reagents and are very time consuming. Based on the
workflow of the ICMP, we developed an optimized ex-
traction procedure for degraded skeletal remains in our
laboratory. Modifications were done concerning the
amounts of the detergents that were used for full demin-
eralization of the bone powder. Furthermore, we com-
bined the down-scaled protocol with an automatization
of the extraction procedure using the Maxwell extraction
platform, which we also use for the routine case work.
The modifications have mainly two advantages. First of
all, the implication of an extraction automat minimizes
the risk of contamination in comparison to manual pro-
tocols. Moreover, using a down-scale approach improves
the comfortable handling of bone samples and reduces
the cost per sample.

DNA quantification and STR typing

Applying the PowerQuant™ System for quantification
has the benefit of an integrated degradation sensor, which
shows if the samples are degraded by detecting the pres-
ence of a 294 basepair (bp) long amplicon. As expected,
the degradation index for all samples was above the
threshold of 2 and indicated a high degradation of the
samples. The cases B1, B4, and B6 exhibited the highest
degradation ratios, reaching 150.25, 24.93, and 20.02, re-
spectively. DNA concentrations recovered from the pe-
trous bones varied widely between individuals and ranged
between 5.9 and 102.7 pg/μl. The mean DNA yield was
44.4 pg/μl (±35.4 pg/μl). DNA concentrations from other
skeletal elements showed comparably lower amounts.
Samples from the parietal bone produced DNA yields
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under 5 pg/μl, while DNA yields from tooth and femur
were high enough to result in full profiles (Table 1).

PCR amplification was carried out with two PCR kits:
the recently released Investigator® ESSplex SE QS Kit
(Qiagen) and the PowerPlex® ESX 17 Fast System
(Promega). Consensus profiles were recorded for the in-
corporation into the German database using at least 8
loci. Harder et al. [28] have shown the usability of certain
STR kits for DNA profiling of highly challenging bones
samples. They concluded that especially the ESI and
ESX kits (Promega, Mannheim) as well as the NGM Kit
(Thermo Fisher, Darmstadt) should be preferred for the
analysis of highly degraded ancient material. Zupanič
Pajnič et al. [29] also recommend the ESX Kit and the
Investigator ESSplex Kit (Qiagen) for bone analysis.

Here, we used the follow-ups of both kits; PowerPlex®
ESX 17 Fast System and Investigator® ESSplex SE QS.
Our results demonstrate that both kits have proven to be suit-
able to analyze degraded bone samples. The Investigator®
ESSplex SE QS Kit showed high sensitivity and short
amplicons, especially for SE33. Additionally, the simulta-
neous application of the ESX Fast Kit demonstrated concor-
dant results.

All in all, informative profiles were obtained for all eight
bone samples and all profiles could be reported and saved for
the search in the database (see Table 1). Moreover, alternative
samples have been analyzed in all cases, except B3 and B5.
Bone powder of the parietal bone was obtained for cases B1
and B2 and B4. A tooth was used for DNA extraction in case
B6. Cases B7 and B8 were additionally analyzed using bone
powder from long bones. The amplification of the alternative

samples (see Table 1) show—as expected—that using a tooth
and long bones for STR typing results in complete profiles as
well. However, the analysis of bone powder gained from the
parietal bones showed only sporadic results that were not suf-
ficient for inclusion into the database or failed totally.

Our results are concordant with data from Edson et al. [12]
who could successfully amplify 51% of cranium bones in
2004. Also, Mundorff et al. [14] yielded in 40–50% of their
cases profiles using the cranial bones. In 2009, Edson et al.
[30] unraveled the results according to the distinct elements of
the cranium and reported that temporal bones (90%) yielded
comparably higher results than parietal (52%), frontal (68%),
or occipital bones (65%). In comparison with the results of
Edson et al. [30], our amplification success of temporal bone
samples was even higher. We were able to fully analyze the
eight cranial bones, including five specimens that have been
stored in our department since 2010 and report meaningful
profiles to the database.

Furthermore, Rothe et al. analyzed a group of four me-
dieval individuals excavated from St. Peters graveyard in
Berlin using temporal bones, teeth and femora. Their results
were comparable to our conclusions. In three cases, they
were able to produce full profiles using petrous bones and
in one case they generated a partial profile. Using femur or
teeth for STR profiling produced in three cases partial pro-
files and in one case even no STR profile at all [31].

Concordance between CE and MPS

Concordance was evaluated between the length-based
CE genotype and the length-based NGS genotype for 16

Table 1 Summary of quantification and typing results of different specimens of the analyzed cases

Specimen

Case
DNA 

amount Alleles Reportable

DNA 

amount Alleles Reportable

DNA 

amount 
[Auto]/[D] 

ratio
Alleles Reportable

B1 <5 6/24 85.2 150.25 28/34

B2 <5 16/24 31.4 17.88 31/34

B3 24.7 6.68 34/34

B4 1.7 0/34 7.8 24.93 31/34

B5 42.1 4.95 34/34

B6 5.2 34/34 5.9 20.02 34/34

B7 56.9 34/34 23.7 3.11 34/34

B8 6.7 19/34 102.7 7.4 34/34

a

b

b

c

c

aMolar
b Femur
c Analysis with in-house kit P11
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overlapping loci. Consensus profiles of the samples that
were analyzed with MPS and CE are shown in Table 2.
Autosomal allele calls of the samples between MPS and
CE were mostly concordant (see an example of B5 in
Supplementary data 1). In cases B1 and B2, MPS provid-
ed additional allele calls where CE showed allelic drop-
out and vice versa (see Table 3). The analysis of sample
B6 showed some discrepancies. Some of them may be
explained by stochastic phenomena since the DNA
amount of sample B6 was comparably low (5.9 pg/μl).
This may especially have an impact on the MPS analysis
since the input volume of the DNA extract is limited to
5 μl when using the ForenSeq® Signature Prep Kit.
Therefore, just the half amount of DNA (less than
30 pg) compared to CE was analyzed with MPS. Other
inconsistencies may resulted after stutter evaluation.
Stutter interpretation and threshold setting are important

issues in STR typing and should be defined carefully.
Further validation work will show if the stutter rates pro-
posed by Illumina will fit the needs for the interpretation
of forensic challenging samples.

Furthermore, the UAS flags data deviating from the
thresholds by a series of quality control indicators (QC
indicators). QC indicators occur as interpretation thresh-
old, imbalanced, stutter, or allele count. Undetected loci
are indicated as inconclusive (INC). The number of
flagged loci during MPS analysis of the bones seems to
be elevated in comparison to the MPS analysis of buccal
swabs that contain high amounts of DNA (data not
shown). Inconclusive results due to dropout were also
observed. Noticeable dropout during MPS occurred in
D12S391, Penta D, and Penta E. D12S391 detection
was completely missing in B4 and B6, while partial drop-
out was observed in two cases (B1 and B2). Likewise,
Penta E also shows increased dropout. The locus was
absent in five of seven samples (B1, B2, B3, B4 and
B6). Penta D dropout was observed in samples B2, B3,
and B6. Increased dropout of the three loci can be ex-
plained by the lengths of the amplicons. Amplicon length
of D12S391 lies between 237 and 281 bp, while Penta D
and Penta E produce amplicons between 209 and 293 bp
and 362 and 467 bp, respectively.

Generally, STR assays that are routinely used for STR
typing consist of 17 loci. Kits containing more than 17
loci are already available, e.g., the PowerPlex® Fusion
System from Promega or the GlobalFi ler® PCR
Amplification Kit from Thermo Fisher. Both kits analyze
24 loci simultaneously. Contrary to the Promega system,

Table 2 Concordance of the results of CE and MPS STR analysis. Concordant alleles are not highlighted. Alleles observed only in CE analysis are
illustrated in bold. Alleles detected only during MPS analysis are highlighted with gray shades

Case B1 B2 B3 B4 B5 B6 B7 B8

Amelogenin X X X Y X Y X Y X Y X Y X Y X X

D3S1358 15 17 15 17 17 17 16 18 13 17 15 19 14 15 16 15 17
TH01 8 9.3 6 9.3 7 9.3 6 9 6 7 8 9 9.3 9.3 7 10
D21S11 [30] 30 28 30 28 30 30 31 28 30.2 28 30 29 30 30.2 31.2
D18S51 13 16 13 15 14 17 12 12 18 18 15 19 12 13 15 17 17
D10S1248 14 14 14 17 14 14 12 15 14 14 13 14 13 15 13 16
D1S1656 14 16.3 15.3 16 14 14 16 16 16 17.3 11 15.3 17 17 11 14
D2S1338 23 19 23 28 17 17 17 20 20 25 19 16 23 17 23
D16S539 12 13 11 13 9 11 12 13 9 12 9 10 12 11 13 11 12
D22S1045 16 17 14 16 15 16 16 18 11 15 15 16 15 16 15 15
vWA 18 18 18 18 16 16 18 19 15 15 16 17 16 18 17 18
D8S1179 8 13 13 12 13 13 16 10 15 12 13 10 12 14 15 15
FGA 20 22 23 20 24 20 23 19 21 23 26 18 23 21 24
D2S441 11 13 11 14 11 14 11 14 10 11 12 14 11 11 11 14
D12S391 15 18 17.3 18 18 21 19.3 22 20 21 19.3 20 21 22 17 25
D19S433 12 15 13 14 12 16.2 13 14 14 14 13 14.2 13 15 15 16 13 15
SE33 27.2 29.2 18 30.2 11 24.2 23.2 29.2 17 17 19 26.2 20 29.2 17 20.2

Table 3 Amount (and
percentage) of detected
loci using capillary
electrophoresis (CE) and
Massive parallel sequenc-
ing (MPS). For compari-
son, only the 16 overlap-
ping loci were evaluated
(Amelogenin, D1S1656,
D2S441, D2S1338,
D3S1358, FGA,
D8S1179, D10S1248,
TH01, vWA, D12S391,
D16S539, D18S51,
D19S433, D21S11,
D22S1045)

Case Loci typed

CE n (%) MPS n (%)

B1 14 (88.2) 16 (100)

B2 16 (100) 14 (87.5)

B3 16 (100) 15 (93.8)

B4 16 (100) 15 (93.8)

B5 16 (100) 16 (100)

B6 16 (100) 14 (87.5)

B7 16 (100) 16 (100)

B8 16 (100) 16 (100)
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the latter requires a new generation of CE sequencers that
allow the parallel analysis of six dyes. In addition to the
routinely used STR markers, MPS provides even more
au tosomal STRs : a l toge the r, up to 27 loc i and
amelogenin can be detected. Furthermore, 24 Y-STRs
and 7 X-STRs are implemented into the analysis.
However, one deficit of the MPS STR marker set is the
absence of marker SE33. Because of its polymorphic na-
ture, it is highly informative and used for the database set
in Germany. In contrast to conventional STR typing,
MPS provides sequence information of all analyzed al-
leles. It is expected that a larger population study will
provide a diversity of alleles with same length but differ-
ent sequences (so called isoalleles). First examinations of
120 individuals at the BLKA already show that isoalleles
appeared in 53% of all buccal swab samples in at least
one locus. In our limited sample data set, we found two
isoalleles, one in vWA, and another one in D3S1358
(Table 4). Generally, the presence of an intra-allelic var-
iant can be used to discriminate between stutter and true
alleles and can help to deconvolute mixtures in forensics
casework.

Forensic DNA phenotyping and ancestry-informative
SNPs

Since the analysis of skeletal remains can benefit from the
prediction of other informative traits like biogeographical
origin and phenotype, we included both primer mixes A
and B of the ForenSeq® Signature Prep Kit into the anal-
ysis with the llumina MiSeq® system. Altogether, the
Illumina marker sets consists of 229 markers including
amelogenin, 27 autosomal STRs, 24 Y-STRs, 7 X-STRs,
54 biogeographical ancestry SNPs, 94 iSNPs, and 22

Table 4 Examples of intra-allelic sequence variants

Case Locus Allele Reads Sequence

B3 D3S3158 17 766 TCTATCTGTCTGTCTATCTA
TCTATCTATCTATCTATCTATC
TATCTATCTATCTATCTA
TCTATCTA

506 TCTATCTGTCTGTCTGTCTA
TCTATCTATCTATCTATCTATC
TATCTATCTATCTATCTA
TCTATCTA

B5 VWA 15 242 TCTATCTGTCTGTCTG
TCTATCTATCTATCTA
TCTATCTATCTATCT
ATCTATCTATCTATCCATCTA

162 TCTATCTGTCTATCTG
TCTGTCTGTCTGTCTA
TCTATCTATCCATCT
ATCTATCTATCCATCCATCCA
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phenotype-informative SNPs. Table 5 shows an overview
of the markers that were detected for each samples. In
general, it can be concluded that decreased DNA amounts
lead to dropout of STRs and SNPs. Especially, longer
amplicons tend to be not detected, e.g., iSNP rs1736442,
which is 153 bp long is missing in almost all analyzed
bone samples.

Eye and hair color as well as biogeographical ancestry
of all samples were predicted by the UAS after MPS
analysis. The AUS outputs biogeographical results in
the form of a PCA predicting the individuals’ general
population background. The differentiation is based on
data from four distinct populations (European, Ad Mixed
American, East Asian, and African). The PCA shows that
all analyzed individuals can be assigned either to
European or Ad Mixed American populations (see Fig.
2). The results of hair and eye color prediction are

summarized in Table 6. Generally, the closer the AUC
value is to 1, the accurate the prediction. Except for sam-
ples B6 and B8, hair and eye color could be predicted for
every sample. Sample B6 had the lowest DNA concen-
tration measured with only 5.9 pg/μl. This minute DNA
amounts lead to incomplete MPS analysis: Only 12 SNPs
(55%) for hair and eye color prediction were analyzed
and only 40 (74%) biogeographical SNPs were detected.
While biogeographical predication showed that the indi-
vidual descended from Europe, hair and eye color predic-
tion failed. Nevertheless, sequenced SNPs could be used
for eye and hair color probability estimation applying the
HIrisPlex eye and hair color DNA phenotyping webtool,
which is available via the publically accessible website
(http://hirisplex.erasmusmc.nl/#, access 13.05.17). This
tool uses a predict ion model , which is based on
phenotype and genotype data of 9188 European

Fig. 2 Principal component analysis (PCA) of biogeographical assignment of bone samples
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individuals [26, 27] for eye color estimation. The input of
the SNP data produced a valid result estimating that the
individuals’ most likely predicted eye color is blue with
almost 92%. The data set for hair color estimation
consists of 1601 individuals. In addition to the hair
color, the tool also gives probabilities for the hair
shades. Probability for light hair in this case was 0.97.
The combination of hair color and hair shade can be used
to make a final prediction. According to Walsh et al.
2013, highest p value is utilized. In this case, the
highest p value was obtained with 0.74 for blond hair.
The combination of the p values for blond hair and light
shade suggests that the individual had blond hair. The
same evaluation was also applied for bone sample 8.
The results indicate that the individual had blue eyes
and blond hair, too.

However, phenotyping as well as biogeographic data
should be treated with caution since in Germany, e.g., it
is prohibited by the German Code of Criminal Procedure
to use that information for case work except in cases of
identification (§88 StPO). Additionally, the comparison
of known physical traits in a study in our institutions
(data not shown) showed that the results were not always
concordant. Hence, further input and validation are need-
ed to increase the robustness of the MPS technology,
especially of the phenotyping and biogeographical SNPs.

Concluding remarks

By optimizing the DNA extraction procedure as well as
by using the sensitive Investigator® ESSplex SE QS, we
created a highly effective strategy for the DNA analysis
of skeletal remains (see Fig. 3) in our department. In
comparison to the workflow that was previously used in
our laboratory (non-optimized DNA extraction from pa-
rietal bone and analysis with in-house kit), the optimized
procedure yielded higher DNA amounts and resulted in a
greater amplification success. Additionally, the risk of
contamination was diminished by the automatization of
the extraction process. Further, the successful analysis of
bone material could be improved by the specific selection
of sample material. Using bone powder of the endoge-
nous petrous bone, one of the hardest bones in the human
body, showed in all cases reproducible profiles, which
we were able to report to the database. Hereafter, consid-
ering this remarkable STR typing results, our work sup-
ports the hypothesis that DNA analysis from dense pe-
trous bone is likely to provide reportable DNA profiles.
Therefore, we recommend to use the petrous bone for
DNA analysis in casework where only cranial bones are
available. Additionally, the implementation of MPS
showed concordant STR results to the CE-basedT
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analysis. This finding is in accordance with the results of
comparable studies that where applied with reference sam-
ples [32, 33], aged buccal swab samples [34], and DNA
samples artificially enriched in apurinic-apyrimidinic sites
[35] that also demonstrated that MPS and conventional
STR and Y-STR typing are concordant. The concordance
of the results shows that MPS has the potential to reach the
same sensitivity as current DNA typing technologies.

Higher sensitivity of the MPS analysis may be achieved
by slightly adapting the ForenSeq® Signature Prep Kit pro-
tocol and workflow for low template DNA analysis condi-
tions, e.g., by raising the input volume for the Illumina kit
to at least 10 μl of the DNA extract, which is standard for
most CE-based STR kits.

In most cases, the conventional STR typing provides
sufficient discrimination power. However, the analysis of

Fig. 3 Strategy for DNA analysis of skeletal remains
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skeletal remains could frequently benefit from the simulta-
neous detection of additional STR loci on autosomes and
sex chromosomes and the analysis of SNPs related to an-
cestry and physical characteristics like eye and hair color.
Additional information can be used to narrow down the
assignment of potential missing persons to skeletal remains
making it possible for criminal investigations to evolve
from the Bpassive comparison^ into the Bactive search^
stage [36]. Therefore, it can be concluded that with its ca-
pacity for simultaneous analysis of multiple types of DNA
markers, MPS technology is a promising platform for the
genetic analysis of human remains.
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