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Summary

The DNA-based identification success of altered human remains relies on the condition of the
collected tissue sample and the associated DNA quantity and quality. Due to tissue-specific
differences in post-mortem DNA stability, sampling of the best-suited biological material is
essential for successful and rapid identification. However, a large variety and partly
contradicting recommendations on optimal material have been published so far. The observed
insecurity in sampling strategies revealed the need for a broad and systematic approach in
predicting short tandem repeat (STR) genotyping success rates in a wide range of tissue types.
Therefore, the overarching aim of this thesis was to improve the DNA-based identification
success of altered corpses by presenting novel recommendations and guidance for optimal
tissue sampling according to the condition of the body.

First, the current situation of identification processes in forensics casework was assessed by a
retrospective study on the identification success of 402 altered human corpses over seven years
(project 1). The evaluation of medical as well as genetic reports revealed an increase in the
examination of highly and profoundly decomposed corpses and challenges in molecular
analyses of degraded and inhibited samples from altered remains. By comparing the number of
successive and parallel PCR amplifications, the most unpredictable typing success and highest
number of additional analyses were observed in muscle and bone samples. A comparison with
previously published studies highlighted the challenges and insecurity in tissue sampling and
the need for standardized guidelines.

Furthermore, during project Il, the reliability of novel DNA sequencing methods was assessed
by validating the MiSeq FGx system for Next Generation Sequencing (NGS) of casework
samples and optimizing the sequencing workflow for samples of altered remains. The extensive
evaluation of sensitivity, concordance to currently used methods and reproducibility, among
others, displayed the technology as robust and implementable in forensic routine casework.
Additionally, the applicability of phenotype and biogeographic ancestry prediction was
demonstrated in challenging samples of altered corpses. However, as the optimization results
revealed, an additional PCR purification step, an increased pooling volume and a reduction of
adapter volumes for DNA input concentrations > 31.2 pg is recommended for sequencing
highly degraded and inhibited samples.

Finally, based on the outcomes of projects | and Il, the multicentre study concludes with the
presentation of novel recommendations on alteration-specific optimal tissue types for first-
attempt identification of altered human remains in project I11. By providing an easy and rapid
scoring system, a precise assessment of the corpse alteration progress is enabled. Furthermore,
the systematic approach included the comparison of DNA quantity, integrity and resulting STR
profile completeness in an exceptional high number of 1698 DNA extracts from 949 samples
of 19 different tissue types. Thereby, standard capillary electrophoresis as well as forthcoming
NGS methods were used and the impact of DNA extraction methods was assessed. The final
and first-time prognoses on genotyping success of a wide range of tissues separated for two
DNA extraction methods (purifying and non-purifying) and two sets of STR loci (22 loci and
16 loci of the extended European Standard Set) provide guidance that improves the first-attempt
DNA-based identification success of altered corpses.



Zusammenfassung

Der DNA-basierte ldentifizierungserfolg zustandsverdnderter Leichen ist abhéngig vom
Zustand der entnommenen Gewebeprobe und der damit verbundenen DNA-Menge und
Qualitat. Aufgrund gewebespezifischer Unterschiede in Bezug auf die postmortale DNA-
Stabilitat besteht jedoch eine Uneinigkeit, welches Material fir eine effiziente molekular-
genetische Identifizierung herangezogen werden soll. Die hohe Anzahl bisheriger Studien mit
teilweise widerspriichlichen Empfehlungen und eine damit verbundene Unsicherheit bei der
Probenentnahme verdeutlicht die Notwendigkeit eines systematischen Ansatzes zur Prognose
des Genotypisierungserfolges von short tandem repeats (STRs) in einer Vielzahl von
Gewebetypen. Entsprechend war das Ziel dieser Arbeit, Richtlinien zur effektivsten Entnahme
von Gewebeproben in Abhangigkeit vom Leichenzustand zu etablieren.

Zunéchst wurde dazu die aktuelle Situation der Identifizierungsprozesse in der Forensik im
Rahmen einer retrospektiven Studie zum Identifizierungserfolg von 402 zustandsverénderten
Leichen Uber einen Zeitraum von sieben Jahren erfasst (Projekt 1). Die Auswertung
medizinischer und genetischer Gutachten zeigte eine Zunahme an Untersuchungen von stark
faulnisveranderten Leichen und deutliche Unsicherheiten bei der molekulargenetischen
Analyse von degradierten und inhibierten Proben. Die Auswertung paralleler sowie
wiederholter PCR Amplifikationen wies besonders bei Muskel- sowie Knochenproben eine
hohe Anzahl zusétzlicher Analysen auf. Zusammen mit einem Vergleich bereits publizierter
Studien wurde die Unsicherheiten bei der Probenentnahme bestatigt.

Daruber hinaus wurde im Rahmen von Projekt Il die Anwendbarkeit und Zuverlassigkeit
moderner DNA Sequenziermethoden durch die Validierung des MiSeq FGx Systems fur das
Next Generation Sequencing (NGS) von anspruchsvollen Fallproben untersucht. Die unter
anderem erfolgte Bewertung der Sensitivitdt, Konkordanz mit derzeitigen Methoden und
Reproduzierbarkeit zeigte, dass die Technologie fur forensische Fallarbeit geeignet ist.
Zusétzlich erfolgte fur Proben von zustandsverédnderten Leichen eine Optimierung des
Sequenzierablaufes sowie eine Prognose des Phénotypes und der Herkunft. Entsprechend der
Optimierungsergebnisse ist bei der Sequenzierung von Proben zustandsveranderter Leichen ein
zusatzlicher PCR Aufreinigungsschritt, eine Erhéhung des Poolingvolumens und eine
Reduktion der Adaptervolumina bei DNA Konzentrationen > 31,2 pg empfohlen.

Basierend auf den Ergebnissen von Projekt | und Il konkludiert die multizentrische Studie mit
der Prasentation von Empfehlungen optimaler Gewebetypen in Projekt Il1l. Neben der
Bereitstellung eines Schemas zur Beurteilung des Leichenzustandes erfolgte ein systematischer
Analyseansatz, bei dem der DNA Gehalt, die DNA Integritdt und die resultierende STR
Profilvollstandigkeit in einer unvergleichlichen Stichprobengrdsse von 1698 DNA Extrakten
aus 949 Proben von 19 verschiedenen Gewebetypen verglichen wurde. Dazu wurde sowohl die
derzeitige Standardmethode der Kapillarelektrophorese als auch moderne NGS Technologien
verwendet. Die erstmalig vorgestellten Prognosen zum Genotypisierungserfolg einer Vielzahl
an Gewebeproben, getrennt fir zwei DNA Extraktionsmethoden (aufgereinigt und nicht-
aufgereinigt) sowie zwei Sets von STR Loci (22 Loci und 16 Loci aus dem extended European
Standard Set), bieten Richtlinien, die zu einer Verbesserung der DNA-basierten Identifizierung
von zustandsveranderten Leichen beitragen.
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Definitions

DNA degradation

DNA genotyping

DNA phenotyping

Decomposition

ESS

eESS

Locus

Read

STR

SNP

VNTR

Process of DNA double helix denaturation leading to single and
double strand breaks resulting in fragmentation

Process of asserting a DNA sequence at specific positions within
the genome

Process of predicting a persons’ physical appearance, including
color of hair, eye and skin

Process of human tissue breakdown into simple organic and
inorganic matter after death

European Standard Set including seven short tandem repeat loci:
D3S1358, THO1, D21S11, D18S51, VWA, D8S1179 and FGA

Extended European Standard Set including 16 short tandem
repeat loci: FGA, THO1, VWA, D1S1656, D2S441, D2S1338,
D3S1358, D8S1179, D10S1248, D12S391, D16S539, D18S51,
D19S433, D21S11, D22S1045 and SE33

Position of a gene or sequence of DNA on a chromosome

DNA sequence corresponding to a target DNA fragment resulting
after DNA sequencing

Short tandem repeat. Microsatellite with DNA motifs repeated at
variable numbers. The number of repeats differs among
individuals (with exception of monozygotic twins). Sizes range
between 100 and 400 bp

Single nucleotide polymorphism. Substitution of a single
nucleotide at a specific position in the genome

Variable tandem repeat. Minisatellite differing in number of
repeated DNA motifs. Sizes range between 400 and 1000 bp
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DNA
EDNAIS
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PMI
RFLP
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Adenosine tri-phosphate

Base pair

Capillary electrophoresis
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Erkennungsdienstliches DNA-Informationssytem
European Network of Forensic Science Institutes
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Extended European Standard Set
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International Society for Forensic Genetics

Next Generation Sequencing

Polymerase chain reaction

Post-mortem interval
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Sequencing by synthesis

Variable tandem repeat
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1. Background
1.1 Identification of human remains in forensic casework

Ascertaining the identity of deceased is one of the most important tasks in forensic casework
and of crucial importance for both legal and social matters. Beside answering questions
concerning the circumstances, causes and manner of death, it is the examiners responsibility to
determine the identity of the corpse based on reliable evidence . The process of identification
(ID) usually consists of two steps: 1) developing a hypothesis about the unknown corpse as well
as gathering information and 2) comparing post-mortem data with presumed ante-mortem data
24 For the second step, various methods are available depending on the condition of the corpse,
the institutional instrumentation and equipment, accessibility of ante-mortem data and the
examiners experiences. A common method is the comparison of computed tomography scans
to determine the dental status, distinct osseous structures or implants. Additionally, visual ID
by potential relatives, comparison of fingerprints or morphological features, such as tattoos, can
be performed 2. However, when none of these methods is applicable or appropriate ante-mortem
data is missing, molecular genetic analysis is the most reliable and probably the last method for
ascertaining identity > 8. Yet, despite advances in molecular genetic analyses, it is still a
challenge to generate sufficient DNA profiles of corpses with advanced signs of decomposition
or heat-related alterations "8,

1.2 Post-mortem alterations of the human body

Forensic examiners are frequently confronted with severe alterations and modifications of the
human body, which can impede a DNA-based ID ° . Such altered human remains can be
divided in decomposed corpses, corpses found in water and burnt corpses. Since not all
deceased are found immediately after death, the body decay can significantly progress with
increasing post-mortem interval (PMI), leading to severe degradation at the time of discovery.
The rate of decomposition can be highly influenced by environmental factors, particularly
water. Corpses decomposed in water can be found after drowning accidents in rivers or seas or
after death in a filled bathtub, among others. With about 140.000 reported cases of death by
drowning per year all over the world, drowning is a major cause of unnatural death world-wide,
indicating the relevance for forensic casework . Furthermore, several crimes or accidents
including fires, plane crashes or traffic accidents can cause lethal heat-induced thermal injuries
that can affect the examination and further molecular analyses 213,

As the corpses’ condition is a decisive factor in DNA stability, the alteration and modification
processes leading to DNA genotyping impairments will be summarized in the following
sections. For each of the three types of altered remains, the post-mortem characteristics
necessary to predict DNA genotyping success will be briefly presented.



1.2.1 Decomposed human corpses

The decomposition of the human body is a dynamic and continuous process, referring to the
breakdown of tissues by disaggregating complex macromolecules into their simple organic
structures 416, After death, the progress of decomposition is determined by the processes of
autolysis (self-digestion of cells), putrefaction (destruction of organic matter) and diagenesis
(breakdown of bones) 141718,

Although all human bodies undergo essentially the same stages of decomposition, the
chronological timing of the processes is highly variable and influenced by intrinsic factors such
as body mass (e.g. weight and height), ante- or post-mortem injuries or diseases as well as
extrinsic environmental factors such as temperature, humidity, pH value and insect or microbial
activity 14 16 1% Of these factors, the ambient temperature has been described as the most
decisive influence in accelerating or decelerating the rate of decomposition by affecting all
biological activities and biochemical reactions ¥ 1 20 Since the human body contains a
significant amount of water, which desiccate upon death, humidity also has a major effect on
the rate of decay. Therefore, arid conditions can lead to an increased desiccation and a delay in
decomposition 1°. Additionally, low humidity combined with dry heat promotes the dehydration
and development of tissue mummification. Mummification usually affects the skin, which turns
it into a leathery or parchment-like layer that adheres to the bones 14 2123,

Cell death and autolysis

Within minutes after death, human decomposition is initiated by autolysis, a complex series of
biochemical and pathological processes, resulting in distinct alterations of the cell’s structure
and composition * 16 24 Generally, this self-digestion of cells is executed by endogenous
enzymes 2°. Cessation of blood perfusion leads to cellular oxygen and nutritional deprivation,
followed by a decrease in adenosine tri-phosphate (ATP) production and a decline in pH value
16,2125 Duye to the shift from oxidative phosphorylation to anaerobic reactions, acidic by-
products accumulate and poison the cell. The death of the cell initiates the destruction of
lysosomes and consequent the release of high concentrations of cellular enzymes such as
lipases, proteases and DNases, which degrade proteins, lipids, carbohydrates and nucleic acids
15, Hence, the chromatin is irreversibly damaged and the cell membrane degrades, leading to
leakage of hydrolytic enzymes into intercellular spaces, which causes cells to detach from each
other 2L, As autolysis progresses, external characteristics of post-mortem changes, such as
sloughing of skin and hair, loosening of nails, organ liquefaction and fluid accumulation in the
skin (post-mortem bullae) can be observed 2,

Concomitant with autolysis is the appearance of three independent post-mortem changes known
as rigor mortis, algor mortis, and livor mortis 22,



Rigor mortis describes the stiffening of muscles caused by the breakdown of ATP and the
built-up of lactic acid. According to Nysten’s rule ?°, stiffness is first noticeable in the jaw after
approximately two to three hours, reaches a peak after approximately twelve hours and begins
to dissipate over the following twelve hours. However, this process can be affected by several

factors such as ante-mortem physical activity, body weight as well as ambient temperature 2>
27,28

Algor mortis refers to the cooling of the body and begins immediately after death. A decrease
in body temperature is caused by the loss of heat producing metabolic processes and reaches
ambient temperature after approximately 18 to 20 hours. Yet, factors such as body mass and
temperature can accelerate or decelerate this process %'

Livor mortis describes the physical process of blood settling to the lowest portion of the body
caused by cessation of blood circulation and gravity. Even though the process begins
immediately after death, resulting discoloration of the skin is first visible after approximately
15 minutes and is fully developed after approximately three to four hours. However, the extent
and progress is subject to several variations, such as the body position 122729,

Putrefaction

The process of putrefaction is initiated by the rupture of the cell membrane during autolysis,
which releases nutrient-rich fluids that serve as an energy source for microorganisms > 162130,
In contrast to autolysis, which occurs independently from bacterial activity, the process of
putrefaction describes the destruction of soft tissues by bacteria, fungi and protozoa * 1. The
activity of those microorganisms results in degradation of carbohydrates, proteins and lipids
into gases, liquids and their simple organic structures 1+ 2%, The catalysis by endogenous bacteria
produces sulfur-containing amino acids, resulting in hydrogen sulfide. Further combination
with hemoglobin, the oxygen-transport protein found in erythrocytes, results in sulfhemoglobin,
which is responsible for the greenish discoloration of the skin °. Since putrefactive bacteria
predominantly emerge from the gastrointestinal tract into ambient tissues, the first visible
discolorations are generally on the right lower abdomen and continue to spread throughout the
trunk (Fig.1B)*Y’. Depending on intrinsic and environmental conditions, those putrefactive
signs usually start to appear after twelve to 18 hours in the summer and after 24 to 48 hours in
the winter'®. Bacteria then further invade tissues via the vascular and lymphatic systems and
from there continue to spread throughout the whole body * 7. Hemolysis and the spread of
bacteria cause “marbling” of the skin, whereas the venous network becomes visible 2. Due to
the increase in microbial decomposition and drying of the tissue, the skin undergoes a color
change from pale to green, brown and black (Fig.1A-E)*. Putrefaction then progresses with
distention of tissues due to the production of gases such as hydrogen, carbon dioxide and
methane by bacterial fermentation. Fluid-filled blisters form on the skin and particularly the
enclosure of gases in the bowels can lead to an extensive bloating of the abdomen 4 2L, Internal
pressure then results in purging of putrefactive fluids from body openings (Fig.1C).

3



Subsequently, active decay begins when the combined feeding of maggots and bacterial
putrefaction lead to a breakdown of the skin barrier and partial skeletonization (Fig.1D+E). By
the end of putrefaction, most of the soft tissue is removed by both aerobic and anaerobic bacteria
as well as insect activity, which is dominated by the feeding of Diptera larvae 1 7.

Diagenesis

Once the soft tissue is completely decomposed and the skeleton is exposed to environmental
conditions, diagenesis begins 4 ° (Fig.1F). Diagenesis is a complex process including loss of
organic (collagen) and inorganic substances (hydroxyapatite, calcium and magnesium) 4. The
rate of bone diagenesis depends on environmental conditions such as temperature, humidity or
pH value, and access by microbes or scavengers * 18, Since bone preservation is highly
dependent on these factors, the time course of dissolution is highly variable and can lead to
fossilization under appropriate conditions 2,

Fig. 1: Decomposed human corpses
showing different extents of putrefaction
and diagenesis. Green and brown
discoloration of the skin (A), greenish
discoloration of the abdomen (B), purging
of body fluids (C), breakdown of skin
barrier and partial skeletonization (D+E),
skeletonization (F). Photos: Thomas Rost,
Institute of Forensic Medicine Basel.




1.2.2 Human corpses found in water

The decomposition process of human bodies is a dynamic system that interacts with the ambient
environment. Water in particular can lead to severe physical and chemical alterations by
influencing the osmotic environment of the cells. Comparable to decomposed corpses on land,
distinct physical characteristics, including discoloration of the skin, distention of tissues and
bloating can be observed (Fig.2A+B). However, post-mortem decay may be accelerated or
retarded in human bodies that are fully or partially submerged in water 2*. Compared to a
terrestrial position, the aquatic environment is more homogenous, resulting in a more consistent
and sequential decomposition progress 3. Yet, the extent is strongly influenced by factors such
as water temperature, stream current, aquatic life, pH value and the presence of salt or fresh
water 213233 Generally, the rate of decomposition is decelerated and twice as slow compared
to terrestrial environments. This is mainly due to cooler water temperatures and reduced insect
activity 234, In particular, bodies in seawater decompose considerably slower because bacterial
activity is inhibited due to high salt concentrations 2. Compared to the decomposition on land,
distinct characteristics such as colonization with algae and the appearance of a so-called
“washerwoman’s skin” are visible (Fig.2C+D). This phenomenon describes the wrinkled
appearance of the skin primarily on hands and feet. Skin wrinkling is usually observed in the
early stages of decomposition and results in skin becoming soggier and eventually slipping off,
which can be observed as “degloving” ** 6. Additionally, the absorption of freshwater into the
circulation leads to an abrupt increase in blood volume and consequent rupture of tissue . In
rare cases, the decomposition in water can lead to saponi-fication, the formation of a soap-like
substance from body fat, also known as grave wax. This decreases pH value and inhibits
bacterial growth, facilitating tissue preservation 14 %637,

Fig. 2: Corpses found in water.
Bodies displaying green and brown
discoloration of the skin and bloating
(A+B), washerwoman’s skin on
hands (C+D). Photos: Thomas Rost,
Institute of Forensic Medicine Basel.




1.2.3 Burnt human corpses

In forensic casework, examining and ascertaining the identity of burnt human bodies is crucial
since severe impact of heat leads to significant physical and chemical alterations 38,
Modification initially begin with the alteration of the external skin (Fig.3A-E). The extent
ranges from superficial burns with damage and blistering of the epidermal and dermal layer, to
the damage of the subcutaneous adipose tissue, and leads to black discoloration and destruction
of tissues including muscle and bone 2 3. A typical post-mortem characteristic is the flexure of
limbs to the so-called “pugilistic posture”, derived from contractions of the muscles (Fig.3B+E)
39, Under sustained heat exposure, the muscles contract and enter, with continuing influence of
heat, a state of heat stiffening or heat rigor. Since the stiffening begins on superficial muscles,
it takes longer for the heat to reach deeper muscles “°. Subsequently, prolonged exposure leads
to shrinkage of the muscles, destruction of internal organs and a retraction of muscles from
bones, resulting in the disassociation of the hands and feet. After extensive burn destructions,
which include heat-induced bursting of the cranium and complete disassociation of the
extremities, the internal bone structure degrades. Finally, remaining bones become discolored,
brittle and highly fragmented 3.

Fig. 3: Burnt corpses. Visible
alterations and discolorations of
the skin (A-E) and typical
“pugilistic  posture” (B+E).
Photos: Thomas Rost, Institute
of Forensic Medicine Basel.




1.3 DNA-based identification: Markers, procedures and technologies

Following the examination of characteristic post-mortem alterations of decomposed or burnt
corpses or bodies found in water, ascertaining the deceased identity is a common forensic task.
In human identification, the development of methods based on the investigation of genetic
material has revolutionized forensic sciences and enabled the start of molecular genetic identity
testing. Today’s DNA profiling is based on Alec Jeffrey’s fundamental work on determining
individual “DNA fingerprints” by investigating DNA regions with minisatellite markers, also
called variable number of tandem repeats (VNTRS) in 1985, As the number of those repeated
nucleotide sequence motifs differ among persons, with the exception of monozygotic twins,
individual DNA profiles can be generated. Therefore, by introducing a technique called
restriction fragment length polymorphism (RFLP), which comprises the digestion of DNA into
fragments by restriction of enzymes, to analyze VNTRs, a powerful tool for human identity
and crime investigations as well as paternity and genetic genealogy was established 4> 43,
Since the discovery of VNTRs, DNA genotyping has become widespread in the forensic field
and evolved rapidly to today’s use of short tandem repeat (STR) markers. With the
revolutionizing development of the polymerase chain reaction (PCR) method by Kary Mullis
in 1985, another milestone was reached in the field of molecular genetics. By providing the
ability to replicate one or more regions of the DNA over and over, millions of copies of the
same sequences can be yielded within hours *3. Due to its sensitivity and specificity, the PCR
method quickly became an important tool for analyzing genetic markers in forensic samples.
At the end of the 1990°s, analyses of STRs became increasingly frequent in forensic casework
43, Since RFLP typing of VNTRSs is time as well labor-intensive and requires large amounts of
intact DNA (10-25 ng), the method was not suitable for forensic samples exhibiting degraded
or low copy numbered DNA. Therefore, RFLP analyses were replaced by PCR-based assays
and typing of STRs >4, Due to growing demands and complexities of forensic casework, the
methods in the field of forensic genetics are becoming progressively sensitive, discriminating,
faster and less costly “> %3, The technical inventions are constantly improving and expanding
the area of applications by enabling complex analyses such as DNA phenotyping and ancestry
prediction using novel Next Generation Sequencing (NGS) technologies *°.

In the following sections, an overview of forensic DNA genotyping is provided by briefly
summarizing the markers and processes of genetic analyses required for human ID purposes.
Thereby, not only the current standard methods of capillary electrophoresis (CE) based
genotyping but also the advantages of emerging NGS technologies are introduced.



1.3.1 Short tandem repeats (STRs) and single nucleotide polymorphism (SNPs)

Short tandem repeats are microsatellites in which certain sequence motifs are repeated at
variable numbers (Fig.4A). Since the number of repeats differs among individuals,
investigation of STRs enables human identity testing 6. Compared to VNTRs with total sizes
of 400 to 1000 bp and sequence motifs comprising 8 to 100 bp repeat units, STRs provide a
reduced total size of 100 to 400 bp and shorter repeat sequence motifs with 2 to 7 bp 43 4748,
More than 30.000 separate STRs exit in the human genome showing high polymorphism,
however, only 20 are commonly used in forensic casework “°. Due to their small size, STRs can
be reliably amplified by PCR-based assays, which enhance DNA genotyping of degraded
samples 8. Nowadays, multiple STR loci can be combined in one multiplex assay, resulting in
high discrimination and, with the exception of monozygotic twins, individual DNA profiles.
For ensuring effective comparability and reproducibility across a wide number of jurisdictions,
the Federal Bureau of Investigation chose a common set of 13 core STR loci for inclusion
within the Combined DNA Index System (CODIS) in 1997 “3. Around two years later, the
European Network of Forensic Science Institutes (ENFSI) decided on a European Standard Set
(ESS) including seven loci *°. However, due to following success and growing numbers of DNA
databases, it was revealed that seven ESS loci were no longer sufficient due
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to the chance of adventitious matches. Therefore, the ESS was extended to 16 loci (eESS):
FGA, THO1, VWA, D1S1656, D2S441, D2S1338, D3S1358, D8S1179, D10S1248, D12S391,
D16S539, D18S51, D19S433, D21S11, D22S1045 and SE33 444951,

Single nucleotide polymorphisms (SNPs) are single-based sequence variations at specific loci
in the DNA sequence (Fig.4B) %> 52, Compared to STRs, SNPs exhibit sequence and not length
variations and occur at a rate of one in every 1000 bp °2. Due to their low mutation rate and
abundant occurrence in the genome, SNPs can be used as markers for human identity testing.
However, since a biallelic SNP provides less discrimination power compared to multiallelic
STR markers, it is necessary to analyze a larger number for an individualizing profile. For this
reason, SNP markers are not commonly investigated in forensics casework and are primarily
subject of research studies. Thereby, the markers used for forensic applications are categorized
into four general classes: 1) identity informative SNPs (iiSNPs) for human ID, 2) lineage
informative SNPs (liSNPs) for kinship analyses, 3) phenotype informative SNPs (piSNPs) and
4) ancestry informative SNPs (aiSNPs) 4 47 53, For the analyses of SNPs, numerous
technologies, including TagMan assays (based on binding of oligonucleotides complementary
to the wild type or variant allele), SNaPshot assays (based on single base extensions) and
sequencing methods such as pyrosequencing or NGS are available % %2,

1.3.2 Standard procedure of STR genotyping

Forensic DNA typing usually consists of a process starting with sample collection and
preparation, followed by molecular genetic analyses involving DNA extraction, quantification
and amplification. Subsequent PCR product separation as well as detection leads to the
generation and interpretation of DNA profiles (Fig.5) 4.

Prior to STR genotyping, biological material has to be sampled from the corpse for further
analyses. In forensic casework, post-mortem tissues such as muscle samples, blood or buccal
swabs are routinely collected during medico-legal autopsy’s or identification processes 2% 43,
However, due to the lack of standardized guidelines, the choice of the sampling material
depends on the institute’s routine process and personal experience of the examiner. Further
molecular analyses are performed according to the country legislation and usually comprise
two separate DNA extractions from the collected tissue sample. For isolating the DNA from
the cells, a large variety of methods is available with varying procedures. Thereby, the choice
of the optimal method depends on the sample material, resulting DNA yield or whether the
sample has to be purified or not **%*, For ensuring the optimal amount of template DNA for the
PCR reaction (0.5 to 2.5 ng), the DNA vyield can be quantified by using, among others,
fluorescence based real-time PCR (RT-PCR) * %, Yet, a quantification of the DNA vyield is
usually not performed in case of identity testing of corpses but in the examination of trace
samples. Subsequent DNA amplification is performed using commercial kits including at least
the 16 STR loci required and recommended by the ENFSI.



For the analyses of PCR products, current capillary electrophoresis (CE) based genotyping has
been described as the gold standard for years >, The technology is based on the separation of
fragments by size and fluorescence and therefore allows the discrimination of STR alleles. Due
to high voltages, the negatively charged and fluorescently labeled DNA fragments are forced
to migrate through capillaries from a negative electrode, known as cathode, to the positive
electrode, known as anode. Near the end of the capillary, a laser illuminates the fluorescence
dye of the DNA fragments so that a camera can detect and quantify the fluorescent emission
signal. The resulting data can be converted by software and represented in the form of peaks on
an electropherogram. Since two independent extractions are required in Switzerland, both
resulting DNA profiles will be examined for concordance to validate the STR genotype.
Subsequently, the profile can be compared with profiles of possible relatives or samples
collected from personal ante-mortem items such as tooth- or hairbrushes. In case of missing
reference material, a database search can be performed °8. In Switzerland, the generated DNA
profiles will be submitted to the Erkennungsdienstliches DNA-Informationssystem (EDNAIS),
which enables the assessment of potential matches with stored DNA profiles. According to the
DNA Profilgesetz of the Bundesversammlung der Schweizerischen Eidgenossenschaft, DNA
profiles of non-identified bodies will be deleted after successful 1D °°.
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Fig. 5: Standard procedure of STR genotyping. Overview of biological, technological and genetic steps
involved in generating a DNA profile. Source: Butler 4,
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1.3.3 Novel technologies: Next Generation Sequencing

Molecular genetic analyses have been rapidly advanced in recent years. Particularly in the field
of DNA sequencing, constantly new instruments and enhanced methods being introduced due
to the significant progress in technology. In forensics, the development of DNA sequencing
technologies, starting with Sanger sequencing, marked an essential milestone and evolved to
today’s application of massive parallel sequencing methods 43

The start of the so-called first sequencing generation was initiated by the development of the
Sanger sequencing technology by Frederik Sanger in 1977 that dominated the market for a long
time. The method is based on the incorporation of chain-terminating dideoxynucleotides
(ddNTPs) by DNA polymerases, leading to millions of copies of the target DNA sequence with
variable length 5%, As an alternative sequencing technology, pyrosequencing was presented
in 1996. This “sequencing by synthesis” (SBS) method relies on the detection of luminescence
emerging from the release of pyrophosphate after nucleotide incorporation % 6384 By releasing
the first commercial high-throughput platform based on pyrosequencing in 2005, the so-called
second sequencing generation, also known as Next Generation Sequencing (NGS), was
initiated. NGS enabled the sequencing of an entire human genome within a single day, which,
in contrast, took Sanger sequencing a decade ®°. Due to ongoing develop-ments and major
improvements in instrumentation, several new platforms with differing sequencing chemistry
and technologies was released 52,

As the first fully validated sequencing device specifically designed for forensic genetic
applications, the MiSeq FGx system (Verogen) enables massive parallel and high-resolution
sequencing of up to 231 STR and SNP loci in a single multiplex reaction ° ®’. The method is
also based on SBS and enables the discrimination of loci based on their DNA sequences 2.
Prior to sequencing on so-called flow cells, the samples have to be prepared into a sample
library (Fig.6). As the first step, the extracted DNA undergoes PCR-based target amplification,
resulting in fragments of the regions of interest (Fig.6A). Depending on jurisdiction, DNA
primer mix A (DPMA, including STRs and iiSNPs of non-coding regions) or DNA primer mix
B (DPMB, additionally including aiSNPs and piSNPs located in coding regions) can be used.
Within a second PCR, sequencing adapters (i5 and i7) are linked to the amplicons for target
enrichment (Fig.6B). The adapters are complementary to the adapters located on the flow cell,
allowing them to attach during sequencing reactions . Additionally, each adapter incorporates
index sequences, which lead to unique labels after combination and enable pooling of multiple
samples. Subsequently, the resulting libraries will be purified, normalized, pooled and
denatured (processes not shown). During the following bridge amplification, the library
fragments hybridize to the complementary adapters on the flow cell, bend over and hybridize
to the adjacent adapters (Fig.6C+D). Subsequent repetition of PCR-based extension, synthesis
of new strands and dissociation generates clusters containing thousands of copies of the same
DNA fragment (Fig.6E-G). During the sequencing process, each cluster is sequenced as
fluorescently labeled nucleotides are incorporated, emitting a series of fluorescent signals that
can be detected by a camera (Fig.6H+I). Since each nucleotide emits light at different
wavelength, the direct nucleotide sequence can be determined from each read %3 -7,
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Fig. 6: Overview of NGS library preparation and DNA sequencing using the MiSeq FGx system. Targets of
interest are amplified during PCR cycles (A), target enrichment with adapters annealing to the DNA
fragments (B), attachment of DNA fragments to a flow cell (C), bridge amplification including hybridization,
extension and dissociation that lead to the formation of clusters (D-G), sequencing process including the
emission of fluorescence signals after nucleotide incooperation and detection of signals by a camera (H+1).
Source: Modified and adapted from Lu et al. "*.

1.4 Challenges in forensic genotyping of altered remains

Although forensic STR genotyping is a widely used and robust method in human ID, post-
mortem modifications and alterations of the human body can have negative implications for
molecular investigations °. In analyzing challenging samples from altered remains, several
biological or technological related impairments and limitations have to be considered.
Decomposition processes comprising autolysis and putrefaction or influences of heat or water
lead to increasing DNA damage, which affects genotyping processes . Therefore, challenges
including the analyses of degraded and inhibited samples, tissue-specific differences as well as
the impact of DNA extraction and analytical technologies are presented in the following
sections.
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1.4.1 DNA degradation and inhibition

In vivo, DNA is a macromolecule with a relatively stable structure and tightly bond water
molecules per nucleotide residue. However, in post-mortem samples, the stability decreases and
results in DNA degradation, the parallel process of DNA denaturation resulting in i.e. single
strand and DNA double helix breakdown %3 48 72 Following cell death, the DNA is target for
several physical and chemical reactions leading to DNA damage. Loss of enzyme regulation
and lactic acidosis enhance the activities of the hydrolyzing enzymes endonucleases and
exonucleases (Fig.7). The former are the first agents to initiate fragmentation after death by
cleaving phosphodiester bonds within a polynucleotide chain, whereas exonucleases detach
nucleotides either from the 5° or 3’ end 2 ™. Furthermore, augmented microbial growth leads
to accretive secretion of digestive enzymes and accumulation of metabolism products, which
increase the rate of DNA strand breakage 4. After enzymatic reactions, much slower DNA
degradation processes, including hydrolytic and oxidative reactions occur (Fig.7). During
hydrolysis, the glycosidic base-sugar bond is dissolved by water, resulting in base loss and
single strand breaks. Progressive hydrolysis and single strand breaks within close distance can
lead to DNA double strand breaks 2 ™. Oxidative damage by free radicals and hydrogen
peroxide generated through ionizing radiation or microorganisms also causes DNA
degradation. The damage mostly includes modification of sugar residues or removal of bases,
impairing further PCR reactions 2> % 77 The extent of enzymatic, hydrolytic and oxidative
reactions causing degradation relies on microbial activity and environmental conditions such
as temperature, pH value and humidity 2. Especially, the influence of temperature is associated
with thermal DNA degradation found in burnt human remains "8 °,
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Fig. 7: DNA degradation. Hydrolytic, oxidation and enzymatic attacks leading to DNA damage. Source:
Alaeddini et al. .
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However, regardless of the cause, resulting DNA degradation impairs further PCR-based
genotyping. In electropherograms, degradation can be identified by the presence of a distinct
downward slope of peak heights, since here larger loci have a lower probability of being
amplified and drop out more frequently (Fig.8). This so-called “ski-slope effect” is displayed
by smaller loci on the left side of the electropherogram producing significantly higher peaks
compared to the larger loci on the right side 8 5%,
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Fig. 8: Electropherogram with distinct “ski-slope effect” identifiable by a downward slope in peak heights (arrow).
The shown part of a DNA profile was generated at the Institute of Forensic Medicine Basel by analyzing DNA
extracted from a liver sample of a decomposed corpse.

Besides DNA degradation, the presence of inhibitory agents can interfere with PCR
amplification and decrease genotyping success 8% 82 In forensic casework, common co-
extracted inhibitors causing PCR failure are humic acid, hematin, indigo dye, calcium ions or
collagen. Particularly, humic acids in soil, microbial DNA and calcium ions in bones represent
a challenge in STR genotyping of altered remains 8, During PCR reactions, those substances
can interact with the DNA template, nucleotides or amplification primers or bind to the
polymerase and block enzyme activity. Furthermore, non-purified inhibitors can impair cell
lysis during DNA extraction or degrade nucleic acids. Depending on the extent and severity of
inhibitory activities, further STR analysis result in partial profiles with loss of alleles from
larger loci or missing profiles 8,
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1.4.2 Tissue-specific differences

Although DNA can be extracted from any nucleated cell, DNA stability and preservation
depends on the resistance of the tissue against decomposition or influences of heat 88, Since
autolysis and putrefaction are ongoing processes, the extent and state of alteration differs
throughout the body and with time 2% 8. Furthermore, intrinsic and extrinsic influences,
including injuries or environmental conditions, can accelerate or decelerate the process,
resulting in highly variable degrees of degradation among tissue types . Due to ongoing
improvement in reagent sensitivity and robustness as well as enhancement of technologies,
analyses of DNA stability in post-mortem materials display increasing relevance in forensic
genetics. Since Bir et al.”® described tissue-dependent degradation rates in 1988, an increasing
number of studies compared biological material and presented constantly new tissue types with
assumingly high post-mortem DNA stability. In the following, tissue-specific differences and
challenges in sampling or molecular analyses, which lead to common recommendations for
identifying altered remains are presented.

Organs, muscles and blood

DNA stability has been shown to remain stable in post-mortem organ tissues for a certain time,
however, the extent of DNA degradation can be highly variable. Cells with high energy
demands and intracellular enzyme activity are primarily and to a greater degree affected by
autolysis processes. Subsequent to decomposition of the intestine and stomach, bacteria spread
through the vascular system and affect tissues including the heart and blood L. However, due
to great preservation, Shintani-Ishida et. al.” and Watherston et. al.® state that the DNA
stability in blood is still sufficient for DNA profiling after progressive decomposition. Yet,
sampling can be crucial in deceased since the blood ceases to circulate and coagulates . The
lung, kidneys and liver are rich in lysosomes facilitating self-destruction of the cell and are
therefore highly susceptible to DNA degradation 2% 8. Though, based on their study results,
Schwark et al.2? and Courts et al.® described the kidney as suitable and preferred tissue for
genetic analyses of altered remains. In brain tissue, nucleosomal DNA remains attached to the
core histones for at least 30 hours after death. This preservation of chromatin structure is
beneficial for DNA stability since, under optimal conditions such as cold temperatures,
nuclease enzymes may become inactive before they are able to fully cleave the DNA
sequence® %, Hence, van den Berge et al.>* recommend brain tissue, along with heart tissue,
as sampling material from decomposed corpses. Comparably great DNA stability has been
described in muscle tissue for up to three weeks after death "3, Therefore, according to Hansen
et al. %, muscle tissue is a suitable source for post-mortem DNA analyses.
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The Achilles tendon, aorta, bladder and intervertebral disc

The Achilles tendon is described as a highly stable tissue and less affected by degradation
processes in altered remains. As shown by Roeper et al. 8, samples from the Achilles tendon
demonstrated twice as high DNA yields compared to kidney and muscle samples. This was
explained by post-mortem changes, which may even facilitate DNA isolation and therefore
increase DNA quantities. Comparably, Sato et al.”® described the aorta as a robust tissue with
great resistance to decomposition. According to Helm et al.*, swabbing of the aortic wall yields
highest profile completeness compared to the urinary bladder, brain, liver and muscles.
Furthermore, Brito et al. % % state that DNA preservation is shown to remain stable in the
bladder. The internal location of the urinary bladder mucosa reduces the possibility of DNA
contamination and degradation. Therefore, the use of bladder swabs is described as a great
source with high DNA stability in decomposed as well as burnt corpses *>€. As shown by
Becker et al. %, the integrity of the DNA is also provided in post-mortem intervertebral discs.
Since the cells are embedded in a matrix comprised of collagen, elastin and other non-
collagenous components, the physical barrier might reduce the tissues’ susceptibility to DNA
degradation processes.

Bones and teeth

Compared to soft tissues, DNA stability is usually considered higher in hard tissues, including
bones and teeth > 1%, The exterior surface of teeth can reduce the amount of microbial activity
and the self-contained structure protects the DNA %, In bones, the cells are embedded within
a dense bio-mineral matrix, resulting in greater protection of alteration processes. Additionally,
comparably lower water content and less extents of digestive enzymes enhance preservation of
DNA “8, Therefore, most studies priory bones as a source for DNA-based ID > 97:100-104 ‘ysyally,
DNA quantity and quality is higher in dense bones than in cancellous bones *%. Consequently,
the pars petrosa is frequently described as one of the densest bones in the human body,
indicating high DNA preservation and a respectively preferred sample material 100 101, 103 105-
107 According to the Interpol disaster victim identification guide 1°2 and the DNA commission
of the International Society for Forensic Genetics (ISFG) %, long, compact bones, healthy teeth
and/or other available bones should be the first choice from decomposed corpses. However,
osseous preparation and DNA extraction are more labor-intensive as well as time- and cost-
consuming compared to soft tissues. This can be a great challenge in cases where time is short
and the rapid 1D of the corpse is essential > &.

Nails

As further hard tissues, finger- and toenails are recommended biological materials because the
DNA not only adheres to the underside of the nail and the nail bed, it is also preserved within
the keratin structure . Therefore, the protected location is beneficial for DNA preservation,
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leading to great stability even with long post-mortem intervals. Generally, sufficient DNA
quantity and quality are described for up to six month after death. As stated by Allouche et al.
® and Piccini et al.®, nails are easily to collect and therefore represent an optimal sampling
material for human ID processes. However, nails can be negatively impacted by extraneous
DNA contaminants, impeding further interpretation. This contamination was observed by
Schlenker et al.1® to be lower in toenails since feet are usually covered by socks or shoes.
According to Uerlings et al.®, finger- and toenails were proven the most suitable tissues for
DNA-based ID when comparing nails and five soft tissues (brain, aorta, liver, kidney and
muscle).

1.4.3 Insecurities in the choice of the optimal sampling material

Since DNA quantity and quality differ among tissue types, a major challenge in forensic
genotyping of altered remains is the choice of the optimal sampling material . The sampling
of less ideal materials with high degrees of degradation or PCR inhibitors might lead to PCR
failure resulting in time- and cost-intensive repetitions or parallel amplifications. In routine
casework, the sample collection usually depends on institutional preferences, laboratory-
specific equipment and the examiners own experiences. As described in chapter 1.1.1, several
studies analyzed tissue-specific genotyping success rates that might be used as a reference.
However, an enormous variety and partly even contradicting recommendations on the
presumably most suitable tissues are given. According to the respective study, either hard or
soft tissues are preferred. Furthermore, most studies used small sample sizes and highly
laboratory-specific methods, including DNA extraction methods, which impede comparability
and reproducibility. Additionally, the outcomes are frequently based on comparison of only two
to five tissue types and the corpse’s condition is usually not scored and sufficiently described.
The resulting complexity and diversity of recommendations highlights the uncertainty in
selecting the best-suited and most appropriate tissue types, leading to significantly diverging
sampling strategies among forensic institutes and potentially more repetitions of DNA
amplifications.

1.4.4 Influence of DNA extraction methods

Besides tissue related limitations and challenges, molecular genetic methods and technologies
also have an impact on the genotyping success of altered remains. Especially DNA extraction
platforms are of great importance as they affect each downstream process of STR profiling. In
today’s forensic casework, several extraction techniques are used, each based on different
methods and non-purifying or purifying systems 3. Therefore, the choice of the optimal method
depends on the type of tissue, the institutional settings and the context of the case. Particularly,
when extracting samples of altered remains, it is important to avoid further degradation of the
DNA template and to remove PCR inhibitors. Since proteins and other cellular materials can
interfere with DNA analyses, adequate separation and purification of DNA molecules is
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required ** 8, Due to potential soil-derived inhibitors such as humic acid, purification is
particularly important in DNA extraction of bone samples. Furthermore, complete
demineralization is essential for eliminating inhibiting calcium phosphates 1% 19, Therefore,
the Maxwell® RSC instrument (Promega) is a commonly used instrument for nucleic acid
isolation and purification. Subsequently to sample lysis, nucleic acids bind to paramagnetic
particles for washing away redundant cellular components 1, The automated purification
platform provides sufficient purification of multiple sample types, however, the procedure is
time-consuming and cost-intensive. Commercially available alternatives are non-purifying
DNA extraction kits such as the SwabSolution™ Kit (Promega) 1'2. Advantages are lower costs,
shorter extraction duration and lower contamination risk due to fewer handling steps. Therefore,
if the sample and case are feasible, this method is a time-saving and cost-effective alternative
8. However, DNA is not purified and potential PCR inhibitors remain in the sample, which
might decrease genotyping success rates.

1.4.5 Limits of CE-based genotyping and advantages of NGS technologies

Although capillary electrophoresis is described as the gold standard and most widely used
technology for STR genotyping, the method still displays limitations and challenges. Since the
method relies on differentiation of STR loci by amplicon length and requires labelling with
different fluorescent dyes, sequence variations within the amplicon cannot be detected, and the
number of multiplexed loci is restricted to a maximum capacity of 25 to 30 311, In particular,
the required amplicon sizes of 80 to 500 bp are a major limitation for degraded DNA from
altered human remains. Resulting low peak heights or complete dropouts of larger loci lead to
reduced discrimination power of DNA profiles and impairments in identity testing 113 11°,

For overcoming the limitations of CE-based genotyping, major developments in NGS methods
offer new approaches by expanding the spectrum of forensic DNA analyses. Compared to CE,
the detection of sequencing variants and the ability to multiplex large numbers of autosomal
and gonosomal STR as well as SNP loci enhance the discrimination power. By enabling the
opportunity to sequence aiSNPs and piSNPs, the deceased biogeographic ancestry and
phenotype can be predicted " 118, This additional prognosis can provide valuable information
for identifying highly altered corpses and can assist investigations within given legal
frameworks ¢ 7. Furthermore, a major advantage for analyzing degraded samples is the
reduction in STR amplicon size, as the amplicons will not require a separation by length %12,
However, there are still limitations with NGS in terms of costs, the labor-intensive workflow,
the need for internal validations, and trained staff. Additionally, the potential formation of
adapter dimers and restrictions of DNA input volumes to 5 pul is a drawback, especially for low
concentrated samples 122123,

18



2. Motivation, study aim and approach

Despite great advances in STR genotyping, decreasing DNA stability, tissue-specific
differences and restrictions in technologies still present challenges in identifying altered human
remains. Thus, the high number of studies concerning genotyping success rates in post-mortem
material indicates the relevance and necessity of addressing those limitations in forensic
casework. However, the high variability in study approaches and partly contradicting
recommendations on the optimal tissue types revealed a gap in terms of standardized guidelines.
Furthermore, majority of the studies lack statistical analyses and only a few focus on the
analyses of body types such as burnt corpses or bodies found in water. Therefore, the
overarching aim of this thesis was to improve DNA-based ID success rates of altered human
remains by providing guidance and recommendations for optimal tissue sampling strategies. In
order to achieve this aim, the following three projects were conducted.

Project I: The first aim of the thesis was to evaluate the current situation of ID processes in
forensics and to address the question of which tissue is best suited for a DNA-based ID. For
this, a retrospective study was conducted on the 1D success of 402 altered remains over seven
years to reveal the most commonly used methods at the Institute of Forensic Medicine Basel
and to demonstrate the challenges in genetic analyses of degraded and inhibited samples. Each
of the corpse’s condition was visually scored to classify alteration processes and the sampled
tissues, used DNA extraction methods and the resulting STR typing success were evaluated.
For each analyzed tissue, the number of parallel and successive PCR amplifications was
compared to identify tissue- and condition-specific differences.

Project Il: The ongoing development of novel NGS technologies advance the resolution of
forensic samples and provide new possibilities for human ID. Especially, the potential to predict
a person’s phenotype and biogeographic ancestry enables the assessment of infor-mation that
can assist in identifying a corpse within a given legal framework. Therefore, the first aim of
project 1l was to compare NGS with CE-based genotyping and to verify the reliability of the
MiSeq FGx system for challenging casework samples. Furthermore, due to the lack of studies
evaluating the sequencing success of samples from altered remains, the second aim was to
optimize the workflow and to define recommendations for improving sequencing results.

Project 111: Based on the outcomes of projects | and I, the overall aim of project 11l was to
present recommendations on the optimal tissue type for a DNA-based ID according to the
corpse’s condition. By performing a systematic approach on analyzing a wide range of tissues,
classifying the corpse’s alteration, considering impacts of DNA extraction methods and
evaluating the applicability of NGS technologies, guidelines were concluded to enable ID
success at first attempt. DNA yields and integrity, and CE- as well as NGS-based STR- and
SNP typing success rates were predicted in an incomparable number of 1698 extracts from 949
tissues of altered corpses. Furthermore, with the cooperation of associated Institutes of Forensic
Medicine, the influence of institute-specific DNA extraction methods and the reproducibility in
prediction of the deceased’s phenotype and ancestry was ascertained.
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In forensic medicine, deceased are usually identified by comparing ante- and post-mortem dental or radiological
features. However, in severe putrefaction, burning or absent reference data, the remaining tool for identifying
human remains is DNA genotyping. But even a DNA-based identification can be challenging when confronted
with a high post-mortem interval or heat impacts because it can lead to undesirable degradation of the DNA that
varies among tissue types.

This retrospective study investigated the identification success in 402 altered human corpses over seven years
by comparing the examined tissue types from decomposed, skeletonised and burnt corpses as well as bodies
found in water. For each tissue, the STR genotyping results and the number of additional or parallel genetic
analyses were evaluated. By comparing the amplification success in samples from altered and unaltered remains,
condition-based and tissue-specific differences were observed. With a mean number of 1.6 additional amplifi-
cations in cases with well-preserved corpses and 4.5 in altered corpses, the results showed significantly more
DNA analyses for altered remains. In 83% of the cases, extra amplifications were performed to identify the
corpse. The tissue-specific differences revealed an uncertainty in choosing suitable material from altered corpses
for a successful DNA profile. Especially for bone and muscle samples, the genotyping success was the most
unpredictable. Furthermore, comparing the retrospective outcome with other research findings, a remarkable
variety of recommendations for the “best tissue choice” exists in the forensic community. Thus, our survey
highlights the advantages of a broader and systematic approach on hard and soft tissues for successful DNA-based
identification of altered human remains at first attempt.

1. Introduction

As a forensic medicine task, clarifying the deceased’s identity is
crucial for social matters and legal proceedings.*” If a deceased person’s
identity is unknown or uncertain, an investigation is commissioned by
the Law Enforcement Agency. The identification (ID) method depends
on the available ante-mortem reference material, the corpse’s condition,
and the institute’s methods and experience. Deceased are usually iden-
tified through a process consisting of two main steps: 1) collecting in-
formation, determining missing people, and developing a hypothesis
about the person in question, and 2) comparing ante- and post-mortem
data such as fingerprints or computed tomography (CT) scans to ascer-
tain the dental status, implants or distinct osseous structures.’ Yet, in
cases where no such data is available, the analysis based on deoxy-
ribonucleic acid (DNA), as a primary identifier,>" is the most reliable
and possibly the ultimate method for identifying human remains.’

Forensic molecular analysis is performed under the Federal Council’s
statutes of a given country and the regulations of the country-specific
society for forensic medicine. For profiling, two independent extrac-
tions from the collected sample are (depending on the relevant legisla-
tion) required or recommended for subsequent amplifications, yielding
one DNA profile per extraction. Both profiles are checked for concor-
dance to validate the short tandem repeat (STR) genotype, followed by
comparing the unknown deceased to the reference available.” Normally,
minimal requirements for identification cases include the analysis of 16
STR loci containing the European Standard Set (ESS). Statistical evalu-
ation is based on an evidence value, often calculated by a likelihood
ratio (LR) for the probability of alternative hypotheses, with HO: the
deceased is the assumed person, versus H1: the deceased is an unknown
and non-related person to the assumed one. In general, an LR of 1000 or
more for HO is considered to be sufficient to identify a deceased person.®

Genomic DNA can be extracted from any tissue containing cells with
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a nucleus. Usually, blood samples or cheek swabs with mucosal
epithelium translate into a (complete) profile of 16 STRs and are
therefore a preferred DNA analysis source. However, with a high post-
mortem interval (PMI), advanced decomposition, or other severe body
alterations, DNA integrity cannot be ensured. Thus, the quality of STR
analyses can be negatively affected.'">” This degradation varies among
tissue types and depends on the tissue’s protection strength against
autolysis and putrefaction.® Degradation can lead to DNA disintegra-
tion, with longer genomic strands more affected than shorter ones. The
fragmentation usually coincides with dropouts of either one or several
alleles or loci, leading to partial or no STR profile.® ' Incomplete pro-
files can be misleading, and, in absent profiles, no comparison to a
relative, direct material (e.g., toothbrush) or DNA database profile can
be achieved.””'! Thus, the up-front selection of suitable tissue is essential
for successful DNA-based identification.

To our knowledge, there are no standardised guidelines for a sys-
tematic DNA-based ID concerning the ideal material from the variety of
hard and soft tissues for the different corpse alteration types such as
burnt, decomposed, or skeletonised bodies and their varying degrada-
tion degrees. Several studies, however, describe the genotyping success
rate from different materials, presenting their individual best ID method
for altered corpses. Unfortunately, the guidance differs considerably
from, for example, toe- and fingernails,”'? bladder swabs™” to soft tis-
sues like the Achilles tendon, muscles or organs,®*>1® not to mention
personal experiences and verbally recommended materials from forensic
experts.

The diverging recommendations may not be surprising when
considering the highly diverse degradation degrees of each deceased,
also within one body, the variety of available hard and soft tissues, the
corpse alteration types, and the different laboratory processes. However,
the published variety of suggestions for a potentially optimal tissue
imply that the sample taken is more intuitive or the “best guess".

As an initial step to finding the optimal material for efficient DNA-
based identification at first try, a retrospective survey was performed,
providing data of medical and genetic ID methods from 402 altered
corpses. The aim was to correlate applied ID methods to the genotyping
success rate and evaluate the number of time- and cost-intense serial or
parallel amplifications performed and the tissue-specific variances.

2. Materials and methods

The retrospective survey included 402 cases from 2014 to 2020
involving the identification of decomposed, burnt and skeletonised
corpses and bodies found in water. Deceased who died from carbon
monoxide poisoning without signs of burning and bodies found in water
with no signs of decomposition were excluded from the study. These
corpses were judged as unaltered.

The study involved the evaluation of both medical and genetic re-
ports. Relevant data from medical expertise included the PMI, the per-
son’s age, the location where the body was found, the condition of the
corpse, and the ID method used. To specify the corpse’s alteration,
decomposition and burn processes were scored using a visual classifi-
cation scheme (Table 1). Depending on the corpse’s condition, human
bodies were categorised into four or five degrees, respectively.
Description of the corpse condition for each degree of decomposition
and skeletonization was based on the classification of Megyesi et al.'”
and the decomposition scoring method developed by Gelderman et al.'®
Post-mortem alterations of bodies found in water were described ac-
cording to observations by Reh'? and the aquatic decomposition score
(ADS) developed by van Daalen et al.>’ For scaling the extent of fire
indicated destruction, the Crow-Glassman scale”' was applied. Since the
retrospective evaluation of the alteration of the bodies was performed
using photographs not including the relevant information for the entire
body in all cases, an indexation like a Total Body Score'” could not be
applied.

For the DNA-based identification of decayed corpses, the information

Journal of Forensic and Legal Medicine 84 (2021) 102271

Table 1

Categorisation of human remains into degrees of alteration. The categorisation
of decomposed corpses was based on Megyesi et al.'” and the scoring method
developed by Gelderman et al.'® The classification of bodies found in water was
based on the description by Reh'” and the aquatic decomposition score (ADS) by
van Daalen.”” The classification of burnt bodies was carried out according to the
Crow-Glassman scale.”’

Condition Degree  Classification  Description
Decomposed 1 Initiating Autolysis, beginning of discolouration
of the head and/or abdomen
2 Advanced Resounding blood vessels, formation of
putrefactive blisters, grey to green
discoloration, skin slippage
3 Highly Extensive brown/green discolouration,
abdominal bloating
4 Profoundly Loss of organic/inorganic substances,
partial skeletonization
Skeletonised - - Dry bones, complete loss of soft tissues
Found in 1 Initiating Marbling, wrinkling of skin on hands,

water slight pink discolouration

2 Advanced Yellow/green discolouration of the
abdomen, skin slippage

3 Highly Black/green discolouration, bloating of
abdomen and/or genitals

4 Profoundly Loss of organic/inorganic substances,
partial skeletonization

Burnt 1 - Blistering of upper dermal layer

2 - Damage of dermis, coagulation
necrosis

3 - Dermis/subcutaneous fat tissue
completely burnt

4 - Heat-induced bursting of the cranium

5 - Loss of soft tissue, partial

skeletonization

of the analysed tissue, the DNA extraction method, the commercial
amplification kits, and the resulting STR profiles were recorded and
compared with the results of unaltered human remains. In each case, a
minimum of 16 autosomal STR-systems was analysed, at least in du-
plicates. For cases of partial profiles, the required LR of at least 1000 was
targeted, undoubtedly identifying the corpse’s identity. For the study,
polymerase chain reactions (PCRs) were counted as additional when the
two mandatory amplifications were exceeded, including autosomal and
gonosomal kits. An amplification repetition was observed to have been
carried out either successively or in parallel with different DNA dilutions
from the outset. Therefore, replicates include poor profile quality and
serially performed PCRs, plus high profile quality, amplified in parallel
dilutions. Potential repetitions of the capillary electrophoresis were not
recorded. The approaches were further compared between different
tissue types to detect tissue-specific variances. The distributions of the
data were analysed by using the Shapiro-Wilk normality test and the
Chi-squared test. The non-parametric Wilcoxon rank-sum test was
applied to assess statistical differences in the number of additional an-
alyses between tissues of altered and unaltered human bodies based on
the calculated Poisson distributions. Significance was defined at p <
0.05, and all hypothesis tests were performed with RStudio Version
February 1, 1335.

3. Results

From 2014 to 2020, a total of 3943 cases of deceased were examined,
with a mean of 563 corpses per year. 402 of these cases (10.2%) were
altered, i.e., burnt, decomposed, skeletonised or putrefied bodies found
in water (Fig. 1). Any unknown or uncertain corpse identity was suc-
cessfully clarified.

The majority of the identified bodies (89.8%) were putrefied with
different decomposition degrees (Fig. 2), with most of them found inside
a domicile. Only 19 of the 361 corpses with signs of putrefaction were
discovered outside, such as in a forest. The deceased persons’ age ranged
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Fig. 1. Absolute number of examined cases and the corresponding distribution of the corpse condition from 2014 to 2020.
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Fig. 2. Total number of decomposed corpses classified according to the body’s condition into four degrees of decomposition (degree 1 to 4).

from 18 to 93 years, with a mean age of 63 years. Concerning the esti-
mated putrefaction degree, the ratio of the deceased over and less than
50 years old was 5:1 per category (degree 1 to 4). While the number of
corpses with initiating and advanced alterations decreased over time,
the number of bodies with more substantial decomposition increased,
correlating with greater age (data not shown).

Corpses found in water, as well as burnt and skeletonised bodies,
represented 10.2% (Fig. 1). Within the selected period, only eight burnt
bodies were examined. Five showed heat-related damage of the
epidermis and dermis (degree 2), and three corpses exhibited stronger
heat impacts (degree 4). Corpses found in water with varying degrees of
decomposition (n = 19) represented 4.5% of the cases and had either
been found in rivers or bathtubs. Most of them showed extensive dis-
colouration and inflation (degree 3) while also degree 1 (n = 4), degree 2
(n = 4) and degree 4 (n = 2) were represented. Entirely skeletonised
human remains (n = 14) made up for 3.5% of the investigated cases and
showed PMIs of up to 100 years. In these cases, only single bones from
varying anatomical regions were found.

A total of five methods were applied to identify altered human re-
mains, i.e., comparing CT scans, fingerprints, or individual character-
istics to ante-mortem data, DNA genotyping and visual ID by relatives or
the police (Fig. 3).

With a mean of 49.1%, the comparison of ante-mortem and post-
mortem CT scans was the most common ID method (Fig. 3). In most
CT cases, the dental status was compared (n = 146). In 18.5% of the
observed cases, relatives or the police identified the deceased person by
viewing the remains or examining personal items like an ID card. This
visual ID method was only used in cases with bodies showing only initial
or advanced signs of decomposition (degree 1 and 2). In 10.2% of the
investigated cases, corpses were identified by fingerprints. Identifica-
tions based on specific individual characteristics like conspicuous scars,
tattoos, piercings, or amputations were only rarely performed (n = 4).

A total of 161 unknown human bodies with or without signs of
alteration were identified by matching STR profiles. In 54% corpses
were altered (n = 87). Most of them showed signs of decomposition
(83.1%), while there were only a few cases with signs of burning (n = 3),
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Fig. 3. Identification methods applied for altered human remains from 2014 to
contributing all to the total number of identification methods.

skeletonization (n = 7), or were found in water (n = 8).

In almost all investigated cases (98.1%), a cheek swab with mucosal
epithelium from close relatives like a putative child, parent, or sibling
was used for relationship analysis. In only three cases, ante-mortem DNA
samples from personal material like a toothbrush and comb or an ante-
mortem skin biopsy were analysed.

The DNA extraction methods changed during the examined period
from the GEN-IAL First All-Tissue DNA-Kit (Gen-ial GmbH, Troisdorf,
Germany) to SwabSolution (Promega, Madison, WI, USA) and Maxwell
purification (Promega). A potential correlation between DNA quantity
and the extraction methods could not be evaluated because, in most
cases, DNA quantification of material from the deceased was not per-
formed. Over time, the used kits evolved, going hand in hand with the
manufacturers’ technical progress. On Veriti™ 96-well thermal cyclers
(Thermo Fisher Scientific, Carlsbad, CA, USA), the following PCR
amplification kits were performed: PowerPlex® 16 HS, PowerPlex® ESX
17 and ESI 17, PowerPlex® ESX 17 Fast and ESI 17 Fast, PowerPlex®
Fusion 6C Systems (all Promega) and AmpFLSTR™ NGM SElect™ and
NGM Detect™ PCR Amplification Kit (all Thermo Fisher Scientific).
Capillary electrophoresis was performed using the ABI 3500 Genetic
Analyzer and the Gene Mapper ID software (both Thermo Fisher Sci-
entific), with a peak height detection threshold set to 50 rfu. In all cases,
PCR set-up, cycling, and capillary electrophoreses conditions were ac-
cording to the manufacturer’s instructions. For profiling, mainly the
consensus approach was used, i.e., an allele was only accounted for if

12.5%

49.1%

17.9%

2020

2020, with the numeric value of each method stacked on the previous one,

present in at least two independent amplifications.”” However,
following the International Society of Forensic Genetics (ISFG) recom-
mendation for Disaster Victim Identification (DVI), a composite inter-
pretation was also approached for challenging samples. Here, kits with
STRs of different lengths were analysed to complement allelic infor-
mation from as many loci as possible and to strive LR 1000 or above .>>
For those and some exceptional cases, the gonosomal PCR amplification
kits PowerPlex® Y23 System (Promega), AmpFLSTR™ Yfiler™ PCR
Amplification Kit (Thermo Fisher Scientific) and Investigator Argus X-12
QS (QIAGEN) were additionally used.

During autopsies or identifications, seven tissue types were collected,
preserved and provided for downstream DNA analysis. The majority of
the samples (n = 55) were muscle tissue from the musculus (M.) rectus
femoris (Fig. 4).

In 57% of the 74 unaltered human bodies, more than the required
duplicate PCRs were performed. On average, 1.6 additional analyses
(parallel and additional PCR amplifications) were performed to obtain
STR profiles with a sufficient number of detected alleles (LR > 1000) to
assure the identification of the corpse. DNA analyses in altered bodies
showed a significantly higher rate of serial or parallel approaches (W =
4352.5, p-value < 0.01). More than two amplifications were performed
in 86% of these cases, with a mean of 4.5 (n = 83, range = 1-28, see
Fig. 5). In the group of putrefied bodies, consecutive PCRs were per-
formed in 81% of the cases with up to 25 additional PCRs (n = 69,
standard deviation (SD) = 4.6). For burnt human remains (n = 3),

8.9%
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Body swab
Bone
Cheek swab
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Mail

Teeth

9.8%
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OO0O00DO e N

Fig. 4. Percentage distribution of tissue samples collected from altered corpses during forensic autopsies (2014-2020) for DNA-based identifications.
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Fig. 5. Boxplot of the absolute number of additional (parallel or serial) PCRs for altered (n = 83, with corpse type categorisation) and unaltered human remains (n =
74). The boxes indicate the 25th to 75th percentile of the data. The ranges are shown by bars. Demonstrated in each plot is the mean (x) and median (—). Dots

indicate outliers.

generally, more PCRs were necessary, and for bodies found in water, the
number of additional PCRs was comparable low (n = 8, SD = 1.4). The
analyses of bone samples from skeletonised human bodies displayed the
highest number of additional analyses and the greatest SD (n = 7, SD =
9.7).

Besides the variation in the number of additional PCRs between
altered and unaltered remains, differences between analysed tissue
types were observed (Fig. 6). For each tissue, the mean and median of
the extra PCRs were lower in bodies without signs of decomposition or
burning. With a mean difference of 2.4 additional analyses, muscle
samples revealed the highest distinction between altered (n = 55) and
unaltered remains (n = 37). The divergence between the mean values
was also high for nails, with a mean of 2.2 additional analyses needed (n
altered = 11, n unaltered = 3). In contrast, only 1.4 additional analyses
were performed for blood samples (n altered = 8, n unaltered = 6). With

a difference of 1.2, the most minor deviation was seen for cheek swabs.
Variances were also observed comparing the classified condition of the
corpse (Table 1). However, a correlation between advanced decompo-
sition and increased number of extra PCRs was only seen for muscle
samples from decomposed human bodies, degree 1 to 4. Bone samples
displayed the highest standard deviation (SD = 10.0), followed by
muscle samples (SD = 4.0). Bones were, however, exclusively analysed
in completely skeletonised remains and could, therefore, not be
compared with unaffected remains. A statistical analysis of the com-
parison of all tissue types was not possible due to the small number of
samples per category.

4. Discussion

Advanced decomposition, burning, or skeletonization can influence
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Fig. 6. Boxplot of the absolute number of additional PCRs performed on decomposed and skeletonised corpses and separated into tissue type and degree of decay (0
= unaltered, 4 = highly decomposed). The boxes indicate the 25th to 75th percentile of the data, and the ranges are shown by bars. Demonstrated in each plot is the

median (—). Skeletonised bodies were not categorised. Dots indicate outliers.
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and impede the identification success of human remains in forensic
casework. Conventional methods are applied for well-preserved corpses,
but in cases of severe alteration and the absence of reference data, the
DNA-based analysis may be the ultimate tool to identify a human
body.'? As expected, most cases were decomposed corpses with various
degrees of putrefaction, while cases with other alterations made up only
about 10%.

The distribution of the decomposition degrees showed an increased
occurrence of highly and profoundly putrefied bodies in the years
2017-2020 compared to the earlier years. The advanced PMI at the time
of discovery correlated with the greater age of the deceased. As in the
retrospective study by Birngruber et al., most of the deceased were
above 50 years old and were found inside a domicile.?* This observation
could be explained by an increase in the number of people living alone in
old age. According to country-specific statistical offices, most people
over 65 years live on their own, with an increasing tendency.? This shift
will reasonably lead to rising demands in forensic matters, highlighting
the advantage for a systematic and, thus, effective approach for DNA
identification methods.

In a high proportion of cases, a comparison of ante- and post-mortem
CT scans was the chosen ID method, which is likely due to the growing
number of radiological examinations in clinical diagnostics during the
last decades. The number of IDs performed using fingerprints or relatives
viewing the remains was low. This observation is possibly connected to
the lack of ante-mortem fingerprint data and the increased awareness of
the error-proneness of witness-based ID, particularly for higher putre-
faction degrees, respectively.

The significant difference of PCR repetitions between well-preserved
and altered remains was not unexpected as stability and degradation of
DNA extracted from putrefied or burnt tissue samples decrease sub-
stantially.® For these samples, the genotyping success is hard to predict,
leaving an uncertainty of how much and which corpse material should
be taken. However, as a rapid and successful ID process is vital for social
reasons and legal authorities, genetic analyses were apparently often set
up in parallel from the beginning, associated with larger expenses.

Regarding the specific tissue types, a direct correlation between the
degree of decomposition and the number of additional PCRs was only
found for muscle tissue. With an advancing degree in alteration, the
mean number increased proportionally. For the other tissue types, no
correlation was observed, possibly due to the relatively small sample
sizes. Another reason could be an inadequate category’s assessment,
describing the overall putrefaction status of the body rather than the
single tissue sample.

In medico-legal routine, the corpse’s condition is assessed but not
scored, and the collected and preferred tissue type principally depends
on the institute’s routines and personal experience. Not surprisingly,
other studies analysing tissue materials from altered human remains
provide various recommendations regarding the “best material”. One
study described that the DNA stability in biological material exposed to
fire depends on its tissue type, thickness and time of exposure.”® Their
results revealed that DNA degrades to a higher degree in hard tissues like
bones and teeth than in soft tissues (e.g., muscle). The significantly
higher water content in soft tissue was mentioned as a possible cause to
protect the DNA and lead to its improved stability. Therefore, they
concluded that choosing thick soft tissues provides the best chance to
identify burnt remains successfully.

For decomposed bodies, several studies state that DNA stability is
higher in hard than in soft tissues, concluding that bones and teeth are
the safer choices when genetically identifying highly decomposed
bodies.'***?” This conclusion is confirmed by the ISFG’s recommenda-
tions for the ID of decomposed corpses DVI scenarios.”® Yet, other
studies advise analysing soft tissues because analysing hard tissues like
teeth and bones is more time and cost-consuming.'>'® According to
some authors, bladder swabs present an excellent source for the
DNA-based ID of decomposed and burnt human bodies.”*® Birngruber
et al. discovered blood as the most commonly used material for the ID of
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altered remains at their institute. At the same time, muscle tissue sam-
ples displayed only a small part of the analysed post-mortem material.
Due to their STR profiling results from toe- and fingernails, their
preferred biological material were toenails if blood was not available.
Also, other authors proposed to use toe- or fingernails.”*’

In conclusion, the question which is the optimal tissue for the DNA-
based ID of altered corpses at first attempt remains unanswered. These
retrospective findings confirm that the number of additional amplifi-
cations in altered remains is influenced by post-mortem alteration and
differs between tissue types. The need for additional analyses was
significantly higher in altered than in unaltered bodies and was gener-
ally observed for all tissue types. The genotyping success for bone and
muscle samples was the most unpredictable, as reflected by a high
standard deviation. This observation is also supported by different and
partly even oppositional literature recommendations. The retrospective
study outcomes emphasise the uncertainty regarding the best hard or
soft tissue choice from the various corpses and conditions. The tendency
of an increased number of profoundly altered remains is likely to pro-
ceed, driven by the changes occurring in demographics and social life,
and with it the challenge to identify the deceased effectively. Thus, a
systematic investigation of the great variety of hard and soft tissues from
corpse types with their diverse degrees of degradation would be needed
to identify the best-suited tissue and improve the DNA-based ID success
at first attempt.
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Abstract

The proceeding developments in next generation sequencing (NGS) technologies en-
able increasing discrimination power for short tandem repeat (STR) analyses and pro-
vide new possibilities for human identification. Therefore, the growing relevance and
demand in forensic casework display the need for reliable validation studies and ex-
periences with challenging DNA samples. The presented validation of the MiSeq FGx
system and the ForenSeq™ DNA Signature Prep Kit (1) investigated sensitivity, re-
peatability, reproducibility, concordance, pooling variations, DNA extraction method
variances, DNA mixtures, degraded, and casework samples and (2) optimized the
sequencing workflow for challenging samples from human corpses by testing addi-
tional PCR purification, pooling adjustments, and adapter volume reductions. Overall
results indicate the system's reliability in concordance to traditional capillary electro-
phoresis (CE)-based genotyping and reproducibility of sequencing data. Genotyping
success rates of 100% were obtained down to 62.5 pg DNA input concentrations.
Autosomal STR (aSTR) profiles of artificially degraded samples revealed significantly
lower numbers of locus and allelic dropouts than CE. However, it was observed that
the system still exposed drawbacks when sequencing highly degraded and inhibited
samples from human remains. Due to the lack of studies evaluating the sequencing
success of samples from decomposed or skeletonised corpses, the presented optimi-
sation studies provide valuable recommendations such as an additional PCR purifica-
tion, an increase in library pooling volumes, and a reduction of adapter volumes for
samples with concentrations 231.2 pg. Thus, this research highlights the importance
of all-encompassing validation studies for implementing novel technologies in foren-

sic casework and presents recommendations for challenging samples.
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altered human corpses, DNA degradation, ForenSeq™ DNA Signature Prep Kit, lllumina MiSeq
FGx system, next generation sequencing, NGS, validation
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Highlights

lenging samples.

1 | INTRODUCTION

Forensic DNA analysts are often confronted with low DNA quan-
tities, mixtures of multiple contributors, and DNA degradation.
Especially tissue samples from highly altered human corpses can be
challenging in terms of low DNA quantity and quality [1]. For DNA
profiling, current capillary electrophoresis (CE)-based short tandem
repeat (STR) genotyping has been the gold standard for several years
[2-5]. Despite its widespread use, CE displays limitations regarding
the required amplicon size and the inability to detect sequence vari-
ations in PCR fragments [4,6-10]. Additionally, the number of multi-
plexed loci is restricted due to the required labelling of similar-sized
DNA fragments with different fluorescent dyes [7,8,11,12], leading
to a maximal marker capacity of 25-30 loci [3,6,9]. DNA samples
from traces or biological material often undergo fragmentation in-
duced by environmental influences like pH value, humidity, tempera-
ture, acidic soil, or enzymatic activity [13,14]. Due to the resulting
DNA disintegration, larger loci are less likely to be amplified than
shorter ones [15-17]. With a common polymerase chain reaction
(PCR) fragment range of 80-500 base pairs (bp) and a current spec-
tral overlap of six fluorescent dyes, allele typing based on amplicon
size displays a distinct limitation for degraded DNA samples [1,8].
The development of high-throughput DNA sequencing tech-
nologies offers promising approaches to advance the resolution
of forensic casework samples [18]. Over the past years, massive
parallel sequencing (MPS) methods, also known as next gener-
ation sequencing (NGS), have expanded the spectrum of DNA
analyses providing new opportunities for sequencing the entire
human genome or sequences of interest [6,18]. As demonstrated
by numerous studies, STR and single-nucleotide polymorphism
(SNP) genotyping with NGS reveal a high potential and growing
relevance in forensic casework [1-7,11]. In contrast to CE, base-
by-base sequencing detects variants in the repeat and flanking
region, enhancing the discrimination power [8]. Furthermore,
the possibility to multiplex autosomal, X- and Y-STRs, identity
informative SNPs (iiSNPs), ancestry informative SNPs (aiSNPs),
and phenotype informative SNPs (piSNPs) in a single assay is a
major advantage compared with CE [6,7,19,20]. Especially the

methods is needed.

robust and reliable.

challenging samples.

e Due to a growing demand in forensics, validation of next generation sequencing

e The results show repeatable sequencing data and prove the MiSeq FGx to be

e The MiSeq FGx shows drawbacks in performance when sequencing degraded
and inhibited samples.

e The study presents valuable recommendations and experiences in sequencing

e Additional PCR purification and pooling adjustments are recommended for chal-

potential to predict a person's phenotype and ancestry can aid
investigative authorities within a given legal framework [11,21].
Moreover, since the DNA fragments do not have to be separated
by size, the amplicon length can be reduced, which benefits the
analysis of degraded samples [1,19]. Additionally, the sequencing
of SNPs can provide valuable information if CE-based STR typing
fails [4]. With the ForenSegq™ DNA Signature Prep Kit (Verogen)
and the MiSeq FGx system (Verogen), target PCR amplification
and parallel sequencing of up to 231 STR and SNP markers with
most amplicon sizes of less than 200 bp were introduced [1,6,22].
The assay contains two PCR primer sets: (1) DNA Primer Mix A
(DPMA) aiming for noncoding regions and (2) DNA Primer Mix B
(DPMB) predicting, in addition, an individual's phenotype and bio-
geographic ancestry [6]. However, NGS still provides drawbacks
regarding the labour-intensive workflow and costs per sample.
Despite many studies concerning the applicability of sequencing
technologies in forensic casework, NGS is still not implemented
in many forensic laboratories [23]. Commuting the current CE-
dominated technology to NGS requires time, qualified staff, and
internal validation [23,24]. As stated by the Scientific Working
Group on DNA Analysis Methods (SWGDAM), NGS-specific stud-
ies should address the limits of detection and the quantity and
quality of libraries pooled in the sequencing runs [24]. The limited
sample input volume (5 pL) [25] is a considerable restriction for
the analyses, in particular of low-concentrated samples. An in-
sufficient amount of DNA provokes an increase in the formation
of adapter dimers, which can negatively impact the sequencing
quality [26,27]. Especially DNA from postmortem tissue samples
of altered corpses can be highly degraded and inhibited due to
the decomposition process [18,28]. Identifying human remains
with high postmortem intervals is a common task in forensic med-
icine, yet NGS technologies for STR and SNP analysis of altered
tissue samples has not been widely evaluated [4]. Thus, further
validation and optimisation of the workflow is necessary, espe-
cially for challenging samples. In this study, the capability of the
ForenSeq™ DNA Signature Prep Kit (Verogen) on the MiSeq FGx
system (Verogen) was thoroughly investigated for forensic sam-
ples following the Revised SWGDAM Validation Guidelines [24].
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For investigating sensitivity, repeatability, reproducibility, and
mixtures, several validation studies used human samples instead
of artificial positive controls [2,5,7,9,11,21-23,29-31]. The lat-
ter builds a more solid basis for statistical analysis. However, it
does not reflect the crime-scene traces of poor quality or quan-
tity, often found in an associated criminal delict. Thus, the pre-
sented internal validation adds valuable information using human
blood, saliva, and casework samples. Optimisations of the library
preparation were evaluated to improve the results of challeng-
ing samples from altered corpses. Due to the higher possibility
of adapter dimer formation, additional PCR purifications and,
for the first time, a reduction of adapter volumes were tested to
minimize the occurrence of PCR artifacts. Furthermore, varying
pooling volumes were explored to increase the DNA input of low-
concentrated samples and improve genotyping success. The study
aimed to verify the reliability of the MiSeq FGx system with human
materials, identify its limits, and beyond validation to optimize the
sequencing workflow, in particular for degraded and inhibited

DNA samples from altered human corpses.

2 | MATERIAL AND METHODS

2.1 | Sample collection, DNA extraction,
quantification, and capillary electrophoresis

Buccal swabs were taken from four volunteers (male n = 2, female
n = 2) with informed consent, with one of each gender also provid-
ing whole blood samples. Five GEDNAP (German DNA Profiling
Group) proficiency test samples simulated case-type samples with
known DNA results. During autopsies, samples were taken from
the musculus (M.) rectus femoris of unaltered corpses (postmortem
interval [PMI] < 24 h, n = 2). From altered remains (n = 9), M. rectus
femoris, M. pectoralis major, heart, aorta, liver and lung, buccal swabs,
rib fragments, pars petrosa, vertebra, femur, and toenails were sam-
pled. The PMI ranged from a few days to several weeks, showing
varying degrees of decomposition and skeletonisation. The remains'
sampling was approved by the regional Ethical Review Board (No.
2019-02211).

Before extracting DNA from bones with the Bone DNA
Extraction Kit (Promega), osseous matters were processed with
a modified protocol adapted from Pajnic [32]. Genomic DNA was
extracted from blood and tissue samples (100 mg each) and buccal
swabs using the Maxwell® FSC DNA 1Q™ Casework Kit (Promega)
on the Maxwell® RSC instrument (Promega) according to the man-
ufacturer's protocols for solid and liquid samples. For the variance
study, DNA from buccal swabs, blood, and tissue samples from
unaltered human remains was additionally extracted using the
SwabSolution™ Kit (Promega). DNA quantification of all samples
was performed on the Applied Biosystems 7500 Real-Time PCR
System (Thermo Fisher) using either the PowerQuant® System
(Promega) [33] or the Plexor® HY System (Promega) accord-
ing to the manufacturer's protocol. If stated, the samples were

FORENSIC SCIENCES Taze=

additionally amplified using the Investigator 24Plex Kit (Qiagen),
followed by a fragment length analysis on the ABI Prism3500 xL
Genetic Analyzer (Applied Biosystems) according to the manufac-
turer's protocol. All analyses included required positive and neg-
ative controls.

2.2 | Library preparation and sequencing

DNA libraries were prepared using the ForenSeq™ DNA Signature
Prep Kit (Verogen) according to the ForenSeq™ DNA Signature
Prep Reference Guide [25] unless otherwise noted. For target am-
plification, samples were amplified either in duplicates or tripli-
cates using the DPMA (27 autosomal STRs, 24 Y-STRs, 7 X-STRs,
94 identity SNPs) and the DPMB (22 phenotypic SNPs, 56 bio-
geographical ancestry SNPs, and the DPMA loci), each in a reac-
tion volume of 15 puL. Since the DPMB primer mix also contains
the DPMA primers and additionally provides a prediction of the
phenotype and ancestry, only DPMB was used for the reproduc-
ibility, repeatability, mixed samples, degradation, and optimisation
tests. If not otherwise specified, 1-ng DNA input concentrations
were used as a template. Target enrichment, library purification,
normalization, pooling, and denaturation of libraries were per-
formed as stated in the manufacturer's protocol or with speci-
fied adjustments for the optimisation studies. Quality control of
purified DNA libraries prior to sequencing was ascertained with
the BioAnalyzer 2100 (Agilent) and the High Sensitivity DNA
kit (Agilent). Normalized libraries were sequenced on the MiSeq
FGx system using MiSeq FGx™ micro flow cells. Unless otherwise
noted, the recommended maximal number of 12 pooled samples
for DPMB and 36 samples for DPMA was not exceeded. Every se-
quencing run comprised fully loaded flow cells, including 2800 M
Control DNA as positive and nuclease-free water as negative am-

plification controls.

2.3 | Data analysis

ForenSeq Universal Analysis Software (UAS) was used to analyze
sequencing data with a default interpretation threshold of 4.5% of
sequencing reads (except for DYS635 with a default interpretation
threshold of 10%, DYS389Il with 15%, and DYS448 with 10%).
The default for the analytical threshold was at 1.5% of sequencing
reads except for DYS635 (default 3.3%), DYS389Il (default 5%),
and DYS448 (default 3.3%). Marker coverage below the analytical
threshold was considered as locus dropout (LD) or allelic dropout
(AD). STR alleles between the analytical and interpretation thresh-
old were manually called. SNPs below the interpretation threshold
were called when coverage was 220. Biogeographical ancestry
prediction was obtained from the principal component analy-
sis provided by the UAS. Statistical analyses of each run's qual-
ity metrics and sequencing data were performed using R version
4.1.1 [34] and R studio version 2021.09.0 [35]. Data distribution
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was evaluated with the Shapiro-Wilk normality test, density, and
Q-Q plots using the dplyr [36] and ggpubr [37] packages. For nor-
mally distributed data, linear regression models, and analysis of
variances (ANOVA) and the post hoc Tukey's HSD (honestly sig-
nificant difference) test were performed using the package IpSolve
[38] and the function aov and TukeyHD. Significance was defined
at P < 0.05, and all tests were two-sided. The total number of
reads of the sensitivity study were log2 transformed and used for
the regression and ANOVA models. To measure reproducibility
and repeatability, the intraclass correlation coefficient (ICC) was
calculated with two-way random-effects and absolute agree-
ment. Data visualization was carried out using the ggplot2 [39]
and BlandAltmanLeh [40] packages. Regression lines were plot-
ted using the function stat_smooth and 95% confidence bands. CE
data analyses were carried out using the GeneMapper ID-X v.1.6
Software (Applied Biosystems). A threshold of 50 relative fluores-
cence units (rfu) was used for allele typing.

2.4 | Sensitivity

The DNA extract of a male blood sample was quantified and serially
diluted with nuclease-free water to quantities ranging from 1000 pg,
500 pg, 250 pg, 125 pg, 62 pg, 31 pg, 15 pg to 7.8 pg. Each dilution was
quantified with the Plexor® HY System (Promega) for a second time to
confirm the desired input concentration. Amplification was performed
using DPMA and DPMB according to the manufacturer's protocol for
purified lysates. The eight dilutions were sequenced in triplicates. For
concordance, diluted samples were in addition CE genotyped.

2.5 | Variances, reproducibility, and repeatability
For evaluating variances between tissue types and extraction meth-
ods, DNA was extracted from two muscle samples of unaltered
corpses, two buccal swabs, and two blood samples using both ex-
traction methods. Each sample was amplified with DPMA and DPMB
in duplicates with input concentrations of 1 ng using the manufac-
turer's protocol for purified (Maxwell® FSC DNA IQ™ Casework Kit
extracts) and crude lysates (SwabSolution™ Kit extracts).

To measure the method's strength in repeatability, the same an-
alyst sequenced DNA libraries from the study of variances for a sec-
ond time. Both sequencing runs were performed within 1 week and
under the same laboratory conditions. A second analyst reprocessed
the same samples within a week and under the same conditions to

determine reproducibility.
2.6 | Pooling variations, mixed samples, and
concordance

To test the impact of varying pooling quantities of DNA libraries, rep-
licate batches of 31, 36, and 41 samples amplified with DPMA were

pooled and sequenced on three separate flow cells. Replicate batches
of 7,12, and 17 samples were amplified with DPMB and sequenced
on three flow cells. Each pool consisted of a corresponding number
of replicates of libraries from the same library preparation, including
DNA from two buccal swabs and two whole blood samples (Table S1).
Mixtures of quantified DNA samples from buccal swabs were
prepared as follows: Trial 1 (male and female sample ratios of 1:1,
5:1,10:1, 1:5, and 1:10), Trial 2 (male ratios of 1:1, 5:1, and 10:1), and
Trial 3 (female ratios of 1:1, 5:1, and 10:1). DPMB was used for ampli-
fication, and every mixture was sequenced in duplicates.
Concordance was assessed by comparing sequencing with CE-
based genotyping results. Here, DNA was extracted from two whole
blood samples, two buccal swabs, and two fresh muscle samples.
Each sample was amplified with DPMA and sequenced according to

the reference guide [25].

2.7 | Degraded samples

For assessing the system's stability, artificially degraded samples
were prepared to simulate DNA damage. Degradation was induced
by exposing extracted DNA from a whole blood sample to UV light.
Light exposure was conducted inintervals of 0, 10, 15, 20, and 30 min
(T, to T,4) using a UV bank. After quantifying the samples with the
PowerQuant Kit (Promega) and measuring the degradation index,
samples were amplified with DPMB and sequenced in duplicates
according to the Reference Guide [25]. Additionally, each sample
was CE-based genotype. Internal quality sensors of the Investigator
24plex QS Kit were used to assess the DNA degradation.

2.8 | Workflow adjustments for
challenging samples

The ForenSeq™ DNA Signature Prep Reference Guide [25] includes
a library purification step using sample purification beads (SPB). For
evaluating the impact of further PCR purifications, the purification
was repeated at different steps of the library preparation, and an ad-
ditional method from Qiagen was used. DNA extracts from a heart
sample, toenail, and pars petrosa from decomposed human corpses
were sequenced without additional purification (RE), with additional
purification after target amplification (adjustment 1), with a repeti-
tion of the manufacturer's recommended purification step (adjust-
ment 2) and with a subsequent extrapurification using the MinElute
Kit (Qiagen) after the protocol's library purification step (adjustment
3). Each sample was amplified using DPMB and sequenced in du-
plicates. Additionally, tissue samples (M. rectus femoris, M. pectoralis
major, heart, aorta, liver and lung, buccal swabs, rib fragments, pars
petrosa, and toenails) from decomposed corpses were tested for
varying amounts of pooling volumes and their impact on sequencing
coverage. A low-concentrated sample (0.05 ng/plL) from the M. pec-
toralis major was pooled in volumes of 5, 10, and 15 pL, with the
volumes of the remaining nine tissue samples, each kept at 5 pL.



SENST ET AL.

JOURNAL OF

Further, the effect of varying amounts of indexed adapters was
assessed by reducing the recommended input amount from each
4 uL of index 1 (i7) and index 2 (i5), to 3 and 2 pL, respectively. DNA
extract from a male blood sample was diluted 8-fold from 1000 pg
to 7.8 pg. DPMB amplicons were enriched using the three different
volumes for both index adapters.

To validate the results for inhibited and degraded tissue samples
from altered human corpses, three bone samples with input concen-
trations lower than the recommended (vertebra: 581.23 pg, femur:
127.78 pg, pars petrosa: 754.21 pg) were each sequenced with 4, 3,
and 2 pl of index 1 and index 2 adapters.

3 | RESULTS

Genotype data of 353 samples from varying tissue types were gen-
erated. Each run passed the required quality metrics and showed a
mean cluster density of 1165 K/mm? (462-1501 K/mm?). From these
runs, on average 92.15% (80.33%-98.59%) passed the chastity fil-
ter. Phasing and prephasing rates were below the recommended
threshold (<0.25% and <0.15%) and showed mean values of 0.15%
(0.11%-0.25%) and 0.05% (0.01%-0.09%), respectively. In each run,
the overall intensity of the human sequencing control (HSC) passed
the minimum intensity level and genotype concordance. Unless oth-
erwise noted, predicted phenotype and biogeographic ancestry were
consistent with the individuals' descriptions, regardless of potential

single allelic dropouts.

3.1 | Sensitivity

Sensitivity samples amplified with both DPMA and DPMB revealed
decreasing total read intensities and increasing LDs with declining
DNA input concentrations (Figure 1, Figure 2). Mean read intensi-
ties of samples amplified with DPMB ranged from 522,419 (1000 pg

)
s
/

/

log2(total read count
&
)

1000 500 250 125 62.5 31.2 15.6 7.8

DNA input concentration (pg)

-~ DPMA ~—~ DPMB

FIGURE 1 Sensitivity study. Total number of reads for DNA
input concentrations ranging from 1000 to 7.8 pg amplified with
DPMA and DPMB. The total number of reads is log2-transformed.
The dotted line indicates the manufacturer's read count threshold
of 85,000 (log2-transformed) [41]. Regression lines are plotted
with 95% confidence bands (gray)
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input DNA) to 32,330 (7.8 pg). Coverage below the recommended
sample read count (85,000 [41]) was obtained from input con-
centrations <15.6 pg. A linear regression model was created with
log2-transformed total read intensities (Figure 1). Comparison of
log2-transformed read intensities' mean values showed a significant
difference by both DNA input concentration (p < 0.001) and primer
mix (p < 0.001). The interaction of both factors was also significant
(p < 0.001, all P-values from two-way ANOVA). Concordant and
100% complete autosomal STR (aSTR) profiles were obtained with
input concentrations down to 62.5 pg (Figure 2). Only one triplicate
(62.5 pg) displayed a read count of one allele at CSF1PO below the
interpretation threshold of 4.5%. With 31.2 pg, the first AD was
observed at D18S51, and at a DNA level of 7.8 pg, Amelogenin,
TPOX, and FGA dropped out. Complete Y-chromosomal STR pro-
files were obtained with input concentrations down to 62.5 pg. For
X-chromosomal STRs, the first LDs occurred at 15.6 pg (DXS10135
and DXS10103).

Compared to STR loci, sensitivity results for iiSNPs displayed an
LD of rs2920816 at 125 pg. Even though the number of alleles below
the interpretation threshold (ABITs) and imbalanced alleles decreased
below 250 pg input concentrations, genotyping success rates of
293% were still observed down to 15.6 pg. Except for one ampli-
fication with 31.2 pg and the loss of rs310644, piSNPs and aiSNPs
exhibited initial LDs and ADs at 15.6 pg. To the latter DNA input
level, the subject's phenotype was assessable, except for one am-
plification, in which no phenotype estimation was possible due to
the LD of rs683. Ancestry was predictable for all dilutions, with a
distance to nearest centroids for ancestry estimation ranging from
1.34 to 2.88 provided by the UAS.

Sensitivity results for DPMA amplicons revealed lower total read
intensities than DPMB for the investigated DNA range (Figure 1).
Mean read intensity for DNA input concentration of 1000 pg was
117,557, and 3863 for 7.8 pg, respectively, resulting in coverages
already dropping below the recommended sample read count at
250 pg. The DPMA genotype success rate of 100% for aSTRs was
obtained down to 62.5 pg, except for no read counts for CSF1PO in
one amplification (data not shown). First ADs occurred with 31.2 pg
input, and ABITs were already observed at 250-pg input. Y- and X-
chromosomal STRs genotyping success rates were 288% and 271%,
respectively, down to 15.6 pg. For iiSNPs, allele loss was already
detected for input concentrations of 125 pg. Concordant CE-based
analyses yielded similar results compared with NGS-based genotyp-
ing, with success rates of 100% down to 62.5 pg. The kit-specific
quality sensors showed expected peak heights and confirmed suc-

cessful amplification.

3.2 | Variances

For evaluating possible variances, the influence of different tissue
types and extraction methods on the total read intensities were
calculated. The outcome was significantly different between tissue
types (p < 0.001, for DPMA and DPMB), whereas the extraction
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FIGURE 2 Sensitivity study
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(). For both extraction methods, multiple pairwise comparisons of the mean difference (Tukey's honestly significant difference test) were
plotted for DPMA (C) and DPMB (D). Confidence intervals for the mean value between the groups crossing the zero line indicate significant

differences between groups

method showed no significant influence (DPMA: p = 0.753; DPMB:
p = 0.364). For both primer mixes, a significant interaction between
the two factors was found (DPMA: p < 0.001; DPMB: p = 0.023,
all p-values two-way ANOVA). Therefore, each DNA extraction
method and sequencing protocol for target amplification demon-
strated effective removal of PCR inhibitors. DNA extracted with
the SwabSolution™ Kit and amplified with DPMB had the great-
est interquartile range (IQR) for DNA extracted from buccal swabs
(Figure 3B). Statistically significant differences between each tissue
obtained with multiple pairwise comparisons of the mean differ-
ence (Tukey's range test, data from both extraction methods were

included) are shown in Figure 3C, D. For DPMA, the confidence in-
tervals for the mean value between the tissue groups do not cross
the zero line when comparing buccal swabs with blood and muscle
with buccal swabs, showing significant differences between the tis-
sues (p < 0.001, p <0.001, respectively). For DPMB, a comparison of
muscle and blood, and muscle and buccal swabs, shows significant
differences (p < 0.001, p < 0.001, respectively). Genotyping success
rate and concordance of autosomal, X- and Y-chromosomal STRs am-
plified with DPMA was 100% for all sequenced tissue types. Profile
completeness of iiSNPs obtained from blood and buccal swabs ex-
tracted with the Maxwell® FSC DNA IQ™ Casework Kit reached
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98% and 97%, respectively. For the same tissue types extracted
with the SwabSolution™ Kit, 99% of iiSNP loci were typed success-
fully (LD of rs1736442 and rs1031825, respectively). No significant
differences were observed when comparing the number of ABITs.
Samples amplified with DPMB showed a 100% genotyping success
rate of STRs and SNPs only for blood and muscle samples extracted
with the Maxwell® FSC DNA IQ™ Casework Kit. DNA samples from
buccal swabs extracted with the SwabSolution™ Kit generated no or
partial profiles. Due to the high number of piSNP LDs, no phenotype
estimation was possible from two buccal swabs. Otherwise, pheno-
type and biogeographic predictions showed no differences between
extraction methods.

3.3 | Repeatability and reproducibility

Agreement between both repeatability runs was measured by plot-
ting the mean and the difference between both runs' total read
intensities in a Bland-Altman plot (Figure 4A). The 95% limits of
agreement were 109,330.10 reads and -328,235.10 reads, indicat-
ing low agreement. In most cases, the difference was negative, with
a mean of -109,452.51 reads, showing that read intensities were
higher in the repeated run. Additionally, the ICC was calculated with
a two-way random-effects model to estimate the strength of agree-
ment. The repeatability results revealed an ICC of -0.24, represent-
ing poor agreement. With differences of up to 300,000 reads, no
repeatability of read intensities is given. For both runs, genotyping
success rate was 100% for compared aSTRs, X- and Y-chromosomal
STRs, iiSNPs, piSNPs, and aiSNPs. All targeted loci were concord-
ant and yielded profile completeness. With no significant difference
in the number of ABITs, repeatability in the profile completeness is
given.

The agreement was also assessed for the reproducibility anal-
ysis by plotting mean total read intensities and the difference be-
tween the two runs (Figure 4B). The 95% limits of agreement were
-63,016.89 and -425,581.31, also indicating low agreement. In all

cases, the difference was negative with a mean of -244,299.12,
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The measured ICC of 0.03 also indicates no agreement. Differences
of up to 400,000 reads revealed no reproducibility in read intensi-
ties. Furthermore, genotyping, phenotype, and ancestry predictions

were successful for every sample.

3.4 | Pooling variations

The manufacturer recommends a maximal number of 12 pooled
samples for DPMB and 36 samples for DPMA on micro flow
cells [42]. With an increased number of pooled samples, both
primer mixes show decreasing total read intensities per sam-
ple (Figure 5). Significant differences were observed between
the batches for DPMA (p = 0.132, one-way ANOVA) and DPMB
(p < 0.001, one-way ANOVA). The Tukey's HSD p-values for
significant differences between the runs' mean values are dis-
played in Figure 5. Differences between the batches were also
observed when comparing the average read intensities of STRs
and SNPs separately (Figure 6). There was no distinct decline in
read intensities from the lowest to the highest number of pooled
samples, except for iiSNPs. Instead, pooling 36 samples ampli-
fied with DPMA showed the highest average numbers. The most
remarkable differences between the recommended number of
pooled samples and the variations were observed for X-STRs.
In DPMB amplified samples, the highest average numbers were
obtained by pooling seven samples, with distinct differences de-
tected for iiSNPs. However, even though the total number of
reads decreased with increasing numbers of pooled samples, the
genotyping success was not affected. For n = 31 (DPMA), only
one LD (DYS389Il) was observed in a sample obtained from a
buccal swab. The batch of n = 36 revealed no LD, and n = 41
showed two LDs (rs1736442 and rs1031825). No ADs were
detected, and with an increasing number of pooled samples,
the total number of ABITs increased only slightly. All samples
in batches amplified with DPMB revealed genotyping success
rates of 100% with no LD, AD, and ABITs. Therefore, no impact

on the phenotype and biogeographic ancestry estimation was

showing that read intensities were higher in the reproduced run. observed.
( A) Repeatability (B) Reproducability
————————————————————————————————————— 0e+00
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0e+00—— Tler0s .
FIGURE 4 Repeatability and 3 8 T
- 5 1e+05] _ ____ . ) S T S S A § -2e+05
reproducibility study for DPMB. Bland- § 8
Altman plots for assessing repeatability £ . 2 T T 1 1
and reproducibility. Shown are the mean _26+05 . -3e+05 '
of the total intensity of reads of both .
runs (x-axis) and the difference between . *
both values (y-axis). The middle dotted -3e+05 . -4e+05
line indicates the bias, and the upperand ~ [777777TTtTmomomoooooooososoooooooooog TTSTSSSoSSS oSS oSoSoSoSSooosooooes
1.7e+05 2.1e+05 2.5e+05 1.9e+05 2.6e+05 3.3e+05

lower dotted lines indicate 95% limits of
agreement

mean intensity of reads

mean intensity of reads



SENST ET AL.

FIGURE 5 Pooling variation study for
DPMB. Total number of reads for batches
Mean number of reads for batches of 31,
36, and 41 pooled libraries (DPMA, A)
and 7,12, and 17 pooled libraries (DPMB,
B) separated in Y-STRs, X-STRs, iiSNPs,
aSTRs, and piSNPs/aiSNPs. Error bars

FIGURE 6 Pooling variation study.
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TABLE 1 Concordance study

CE
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Profile

completeness

Sample Gender Extraction method (%) CE (aSTRs)
Buccal swab Male Maxwell® FSC DNA IQ™ 100
SwabSolution™ Kit 100
Female Maxwell® FSC DNA IQ™ 100
SwabSolution™ Kit 100
Blood Male Maxwell® FSC DNA IQ™ 100
SwabSolution™ Kit 100
Female Maxwell® FSC DNA IQ™ 100
SwabSolution™ Kit 100
M. rect. Male Maxwell® FSC DNA IQ™ 100
Femoris SwabSolution™ Kit 43
Female Maxwell® FSC DNA IQ™ 100
SwabSolution™ Kit 0

NGS (DPMA)

Quality Profile completeness Avg. no. of reads
sensors (QS) (%) NGS (aSTRs) (aSTRs)
Present 100 506
Present 100 304
Present 100 513
Present 100 304
Present 100 334
present 100 402
Present 100 188
Present 100 403
Present 100 336
QS2 absent 100 403
Present 100 483
QS1 and QS2 100 259

absent

Note: Genotyping success rates separated for NGS and CE showed in profile completeness (%) for buccal swabs, blood samples, and samples from

the M. rectus femoris.

3.5 | Mixed samples

For male-female mixtures (MF), read intensity was above 85,000 for
each mixture ratio, and concordant results were obtained from du-
plicates. Compared to known single-source reference profiles, only
one AD at D151656 was observed at a ratio of 10:1. However, aSTRs
of the minor contributor could be differentiated in every ratio and
marker (Figure 7). As expected, the read intensities of the minor con-
tributor decreased with a reduction of the input volume. Even in ra-
tios of 10:1, the male minor contributor showed a total read count
of 9881 (mean = 253), compared to the female major contributor
(read count = 46,683, mean = 1556). Compared to the results of the
female-male mixture, the male-male mixture (MM) revealed a higher
number of ADs. Each read intensity was above 85,000. However, the
ratio of 5:1 revealed ADs of the minor contributor at D25441 and
VWA, and a complete LD of the Y-STR DYS481. Consequently, the
ratio of 10:1 also showed ADs of the minor contributor at CSF1PO,
VWA, PentaE, D21S11, and PentaD. In contrast to a total read count
of 83,186 for the major contributor (mean = 1698), the minor's was
only 5451 (mean = 130). For the female-female mixture (FF), no ADs
of aSTRs and X-STRs were observed for a ratio of 1:1, and two ADs
of D151656 and D21S11 for a ratio of 5:1. With a mean read count
of 226, the read intensity of the minor contributor was slightly lower
than for the major contributor (mean = 347). The ratio of 10:1 revealed
an AD of D55818 and mean read counts of 585 and 160, respectively.

3.6 | Casework samples

All five GEDNAP samples revealed concordant aSTR results of mix-
tures or single-source samples with no LDs or ADs. The intensity of

reads was above 85,000 for both mixtures (with a mean of 91,751
and 106,893, respectively). For three samples, one per duplicate fell
below the threshold of 85,000 (83,529, 60,726, and 80,895, respec-

tively). However, no decline in data quality was observed.

3.7 | Concordance

For the buccal swabs and blood samples, all aSTR genotypes were
concordant between NGS- and CE-based genotyping and complete
with regard to each method-specific marker set (Table 1). For STRs
analyzed with CE, both low-concentrated DNA samples from muscle
tissues (0.02 ng and 0.01 ng) extracted with the SwabSolution™ Kit
showed a lower genotyping success rate for male (43%) and female
profiles (0%), respectively. For these samples, one or both PCR qual-
ity sensors were missing. Unexpectedly, the same NGS-based STR
typing revealed complete aSTR profiles. On average, four loci with

imbalanced alleles were observed.

3.8 | Degradation

Quantification of artificially degraded DNA samples showed a de-
crease in autosomal DNA concentration and an increased ratio of the
autosomal target relative to the degradation target ([Auto]/[Deg]).
Each sample exposed to UV light displayed no internal positive con-
trol quantification threshold (IPC Cq) shift but values exceeding the
manufacture's threshold of two, indicating the presence of degraded
DNA [43] (Table 2). The comparison of read intensities and genotyp-
ing success revealed a significant decrease with increasing minutes
of UV light exposure (p < 0.001, one-way ANOVA) (Figure 8). First
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TABLE 2 Degradation study

UV light ng ng [Auto]/[Deg]
Sample exposure (Tmin) [Auto] [Deg] ng[Y] [Auto]/[Deg] threshold
Blood TO 14.11 17.93 14.96 0.79 Below
Blood T10 7.90 0.26 4.21 30.25 Above
Blood T15 5.92 0.08 2.77 72.05 Above
Blood T20 4.53 0.03 1.97 155.09 Above
Blood T30 3.33 0.01 1.27  302.95 Above

Note: Quantification results were obtained with the PowerQuant Kit (Promega) for a blood sample
exposed to UV light. [Auto]/[Deg] ratio greater than the threshold of two is marked in bold.

LD of rs354439 (iiSNP) and alleles below the interpretation thresh-
old were shown for UV light exposures of 10 min. For longer UV light
exposure times, a frequent LD and AD of PentaE were observed.
Genotyping success rate for iiSNPs ranged from 100% (0 and 10 min)
to 99% (15 and 20 min) and 93% (30 min). Phenotype and ancestry
prediction were possible for all samples, except for one duplicate ex-
posed to UV light for 30 min with a loss of rs683. Each DNA profile
of degraded samples obtained with CE exhibited a distinct “ski-slope
effect” [44] with a loss of the larger loci D251338, D21511 D55818,
D75820, D8S1179, FGA, and vWA. Evaluation of the influence of
UV light exposure and analysis system on the number of dropouts
revealed significantly higher numbers in samples analyzed with CE
(p = 0.019, Figure 9). The factor UV light exposure showed no sig-
nificant influence (p = 0.255). No significant interaction between
the two factors was found (p = 0.633, all p-values from two-way
ANOVA). UV light exposure times of 10 min led to first dropouts in
CE-based genotyping (D251338, D75820), compared with one AD at
UV T, for NGS-based genotyping (PentaE). For UV T, seven times
more LD were observed for CE-STRs.

3.9 | Additional sample purification for
challenging samples

Comparison of total read intensities revealed a distinct decrease
after purification adjustment 1 (Figure 10). Consequently, the NGS
genotyping success was relatively low (Table 3). The purification ad-
justment 2 showed the highest intensities and genotyping success
rates for each tissue type compared with the reference. Samples
from the pars petrosa showed comparable low read numbers due to
low DNA input concentration (0.015 ng/pL). The predicted pheno-
types from purification adjustments 2 and 3 corresponded to the
reference and the person’s visual phenotype. With regard to ances-
try prediction, samples clustered between European and ad-mixed
American ancestry in a principal component analysis. No estimations

were possible for samples with purification adjustment 1.

3.10 | Pooling adjustments for challenging samples

Increasing the input volume of a low-concentrated tissue sample
from a human corpse within the pool led to an increase in its total

400000
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300000

Total read count
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0 10 15 20 30
UV (min)

FIGURE 8 Degradation study for DPMB. Total number of reads
from a DNA extract exposed to UV light for O, 10, 15, 20, and
30 min. Displayed in each plot is the mean (x) of both samples

read intensities (Figure 11). However, even with an input volume of
15 pL, the recommended maximal threshold of 85,000 reads [41]
was not reached. However, the NGS genotyping success increased,
with an associated LDs and ADs decrease (Figure 12). Profile NGS
completeness for autosomal and gonosomal STRs as well as SNPs
was 79% for 5 pL, 84% for 10 pL, and 96% for 15 pL. Increasing the
low-concentrated sample volume showed no considerable influ-
ence on the read count and genotyping success of the other sam-
ples within the pool. However, even though the read numbers of
the low-concentrated sample increased, no phenotype prediction
was possible due to an LD of rs1805009 in each run. Despite LDs
of aiSNPs, accurate European ancestry was predicted for every

sample.

3.11 | Reduction of adapters for
challenging samples

A regression model was used to determine the influence of adapter
reduction on the resulting read intensities of various input con-
centrations (Figure 13). With reduced adapter amounts, read in-
tensities dropped below the recommendation of 85,000 [41] from
samples with input concentrations <15.6 pg. The factor DNA input
concentration showed significant influence (p < 0.001), whereas
the factor volume of adapters displayed no significant influence on
the read count (p = 0.399). Additionally, a significant interaction
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FIGURE 9 Degradation study for 0
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FIGURE 10 Optimisation study:
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Additional PCR purification for DPMB.
Total number of reads obtained for
samples from heart, toenail, and pars
petrosa without additional purification
(RE), with additional purification after
target amplification (adjustment 1),

with a repetition of the manufacturer's
recommended purification step
(adjustment 2) and with an extra
purification using the MinElute kit
(Qiagen) after the protocols library
purification step (adjustment 3). Displayed
in each plot is the mean (x), and the dotted
line marks the threshold of 85,000 reads
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between the two factors was found (p < 0.001, all p-values two-
way ANOVA).

As expected, the amount of LDs, ADs, ABITs, dropins, and
imbalanced alleles increased with decreasing DNA input concen-
trations (Figure 14). Concentrations down to 31.2 pg showed no
distinct differences between adapter volumes. For an input con-
centration of 15.6 pg, the ADs increased from 31 (4 pl) to 119
(2 pL), with most dropouts observed for iiSNPs and aiSNPs. The
most apparent differences were observed when comparing ADs
of input concentrations of 7.8 pg. Samples with 4 pL of each index
showed mostly dropouts of iiSNPs, while 2 pL in addition led to
dropouts of aiSNPs. No phenotype prediction was possible for
7.8 pg and each tested adapter volume. Despite dropouts of aiSNPs,
estimation of European ancestry was predicted for all adapter vol-
ume variations. Concordant genotype successes were obtained for
each adapter volume and the vertebra and pars petrosa sample.
No decrease in NGS-STR and iiSNP genotyping success rates was

observed. For the femur sample, typing success of STRs slightly

decreased from 98% (4 uL) to 97% (2 pL) and profile completeness
of iiSNP decreased from 98% (4 pL) to 95% (2 pL). Quality control
of the purified libraries conducted with the BioAnalyzer revealed
large peaks at about 170 bp, which is the length for the adapter
dimers, indicating their presence in each sample. The range of
the ForenSeq target fragments was between the expected 200-
600 bp [45]. When comparing adapter input volumes, decreases
were observed for adapter dimer concentrations. For the femur
samples, peak height was reduced from 693 fluorescence units
(FU) (4 uL) to 400 FU (2 pL), for the vertebra sample from 249 FU
(4 uL) to 208 FU (2 pL) and the pars petrosa sample from 971 FU
(4 pL) to 423 FU (2 pL).

4 | DISCUSSION

Over the past years, NGS moved more and more in the focus of

forensic genetics, providing new opportunities for forensic DNA
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TABLE 3 Optimization study: Additional PCR purification for DPMB

Ancestry

Genotype Genotype Phenotype

Genotype

Genotype

Genotype

=
=
;A
g
5 g
T c
g9
c Q@
S ‘o
[ I

concordance with
reference (%)

success rate
(piSNPs) (%)

success rate success rate (ai
SNPs) (%)

(iiISNPs) (%)

Genotype success

success rate
(Y-STRs) (%)

success rate
(aSTRs) (%)

rate (X-STRs) (%)

100
NA

100 100 100
NA

100

100 100

>71

100
>27

Reference

SICIENEIES

243

Purification after target

amplification (1)

100

100 100 100
299

>93

100 100

100
295

Repetition of purification step (2)
MinElute kit (Qiagen) (3)

100

100

100

100

100
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Note: Genotyping success rates (%) obtained for aSTRs, Y-STRs, X-STRs, iiSNPs, aiSNPs, and piSNPs. Samples from heart, toenail, and pars petrosa with additional purification after target amplification (1),

with a repetition of the manufacturer's recommended purification step (2), and with an extra purification using the MinElute kit (Qiagen) after the protocols' library purification step (3).
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FIGURE 11 Optimisation study: Pooling adjustment for DPMB.
Intensity of reads obtained from a low-concentrated DNA sample
with input volumes of 5, 10, and 15 pL and same input volumes
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FIGURE 12 Optimization study: Pooling adjustment for DPMB.
Number of locus dropouts, allelic dropouts, imbalanced alleles, and
alleles under threshold for a sample pooled in volumes of 5, 10, and
15 puL

analyses. Its advantages of parallel sequencing of many autosomal
and gonosomal STRs as well as SNPs, and detecting intravariations
of STRs result in an increase in discrimination power compared with
CE-based genotyping. However, prior to using novel systems or
methods, internal validation studies must evaluate their potential
power and limits within the forensic environment [24], especially for
challenging samples like DNA mixtures of multiple persons and low-
concentrated, degraded, or inhibited samples. Here, the extensive
internal validation and optimisation study demonstrated the limita-
tions and reliability of the MiSeq FGx system and the ForenSeq™
DNA Signature Prep Kit.
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4.1 | Sensitivity

In agreement with published work, the sensitivity results demon-
strated the possibility to generate complete DNA profiles with less
than the recommended input concentration of 1 ng [6,7,11,31]. As
shown in Jager et al., it was possible to obtain 100% genotype suc-
cess rates for concentrations down to 62.5 pg [6]. The total read
numbers of samples amplified with DPMA dropped below the rec-
ommended threshold much earlier than those amplified with DPMB,
which could be explained by the higher number of markers included
in the primer mix B. Compared with STRs, piSNPs, and aiSNPs, the
mean percent of LDs (6.3%), ADs (17.0%), and ABITs (16.0%) was
the highest in iiSNPs, probably because of its highest number of
markers in the ForenSeq™ DNA Signature Prep Kit. Additionally,
the marker DXS10103 underperformed at lower concentrations as
previously reported by Hollard et al. and K&cher et al., among oth-
ers [2,6,11,22,23,31,46]. However, in contrast to these studies, no
artificial DNA sample, but a real blood sample was used for dilution.

524288

131072

Total number of reads

32768

1000 500 250 125 625

DNA input concentration (pg)

312 156

H2Es3E

FIGURE 13 Optimisation study: Reduction of adapter for
DPMB. Total number of reads for a serial dilution from 1000 to

7.8 pg DNA and adapter volumes of 2, 3, and 4 uL. Regression line
for each adapter volume is plotted with 95% confidence bands. The
dotted line indicates the manufacturer's read count threshold of
85,000
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4.2 | Variances

The variance study analyzed the impact of purified and crude
lysates from different body fluids and tissue types. No significant
differences were assessed between DNA extraction methods, indi-
cating the protocols' reliability of target amplification regardless of
the extraction method. Hence, even not purified DNA samples re-
vealed robust sequencing results when using the protocol for crude
lysates. Despite equal input material and fresh samples, tissue-
specific differences were observed, potentially due to deviations
during the complex and manual library preparation. In particular,
buccal swabs extracted with the SwabSolution™ Kit and amplified
with DPMB showed the most unpredictable number of reads and
the lowest genotyping success. Such a deviation was also seen in a
previous work [28], but the underlying samples were from altered
and degraded human materials, for which divergent results are ex-
pected. Potentially different sequencing efficiencies could cause a
general poor agreement in read intensities despite equal DNA input
from fresh samples, which were found in the repetition and repro-
duction studies. However, due to the small sample size, further vali-

dation is necessary.

4.3 | Repeatability and reproducibility

With respect to read intensities, both repeatability and re-
producibility studies showed poor agreement between the
sequencing runs. Differences of up to 300,000 reads were ob-
served between two runs, repeated by the same analyst. This
could be explained by divergences during the complex library
preparation and/or deviating efficiencies during cluster genera-
tion. According to Hollard et al., the automation of all library
preparation steps with the Hamilton ID STARIlet robotic plat-
form led to repeatable results in terms of depth of coverage
(DoC) [23]. Additionally, in contrast to other studies [2,6], no
artificial reference control like the 2800 M DNA was used, but

DNA from human buccal swabs, blood, and muscle samples to

1000 500 250 125 62.5 312 15.6 78
300
200
2
5
FIGURE 14 Optimisation study: =
Reduction of adapter for DPMB. Number 100
of alleles below the interpretation
threshold (ABITs), allelic dropouts (ADs),
dropins, imbalanced alleles, and locus mE— --- i-i i.. l.
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represent real casework samples. However, regarding the geno-
typing success, profile completeness was completely repro-
ducible and repeatable despite significant differences in read
intensities. Even though only one run was repeated by the same
analyst and reproduced by a second analyst, the genotyping
success rates correspond to the results of comparable studies
[2,7,31,47]. For SNP genotypes, biogeographic ancestry and
phenotype prognosis, accurate, and concordant results were
obtained for each evaluated run, regardless of the analyst. The
results demonstrate reproducibility and repeatability and were
also achieved in the study by Frégeau [21].

4.4 | Pooling variations

Adjusting the manufacturer's recommended number of pooled sam-
ples resulted in significant differences between total read intensities.
With higher numbers of samples, the decrease was more distinct in
samples amplified with DPMB, which could be linked to the greater
number of markers included in the primer mix. Furthermore, in
forensic casework, not only the sample's total intensity is crucial
but also the performance of STRs and SNPs separately, as shown
in Figure 6. Average intensities vary the most for SNPs amplified
with DPMB, demonstrating that lower numbers of pooled samples
should be preferred to achieve higher read numbers. However, for
DPMB, no negative impact on the data quality and, for DPMA, only
minor decreases in genotyping success rates were determined. Even
though standard MiSeq FGx™ flow cells were evaluated, Moreno
et al. also observed no decrease in profile quality when pooling 24,
32, and 40 samples with DPMB [47]. Nevertheless, as noted by Just
et al., exceeding the number of pooled libraries by almost twice the
recommended amount leads to decreasing numbers of recovered
loci [30]. Thus, overclustering has a negative impact on sequencing
performance, likely due to the difficulty of image analyses, including
loss of focus [48].

4.5 | Concordance

The concordance of both methods is essential for implementing NGS
into the currently CE-dominated routine work of forensic genetics.
The aSTRs amplified with the ForenSeq™ DNA Signature Prep Kit
and the Investigator 24plex QS Kit (Qiagen) showed concordant
genotypes for buccal swabs and blood samples. Surprisingly, for
muscle samples from corpses, aSTR markers enclosed in both kits
revealed higher typing rates when sequenced with NGS. DNA ex-
tracted with the SwabSolution™ Kit surprisingly only led to 43% par-
tial or zero profiles with CE but to complete profiles with NGS. In our
laboratory routine casework, the SwabSolution™ Kit is validated and
demonstrates sufficient results even for tissue samples. However,
the ForenSeq protocol's purification step obviously removed in-
hibitors efficiently when compared to the nonpurified SwabSolution
extracts.

4.6 | Degradation

As expected, with higher degrees of degradation, the total number
of reads and NGS genotyping success decreased. Yet, 87% of iiSNPs
was still typed with UV exposure times of 30 minutes, and the only
aSTR marker dropping out was PentaE. LD of PentaE was probably
due to its second-longest amplicon length (392 bp) within the multi-
plex. The intensity of the longest amplicon (DXS8378, 450 bp) was
just above the analytical threshold. In agreement with Jager et al.
[6] and Fattorini et al. [18], SNP markers showed a mean genotyp-
ing success of 98% and were about as stable as the STR markers
(97%). The slight difference in the typing rate could be associated
with the smaller amplicon size of SNPs.[18,27] Especially for de-
graded samples, sizes of <125 bp increase the chance to obtain suf-
ficient genotypes [1,25]. Most likely, the reduced amplicon size is
also the reason for the highly diverging profile completeness results
obtained with the traditional CE method. Equivalent to the results of
the concordance study, DNA profiles obtained with NGS revealed
significantly higher genotype success rates than CE. This enhanced
potential and clear advantage were also observed by Almohammed
et al., who demonstrated significant differences in obtaining suffi-
cient profiles from degraded bone samples analyzed with NGS and
CE (GlobalFiler™ kit) [49].

4.7 | Additional sample purification for
challenging samples

The MiSeq FGx system can prematurely abort a sequencing run
when too many low-quality samples are pooled, as experienced
for internal sequencing runs with highly degraded and inhibited
samples from altered human remains (data not shown). Comprised
input material can increase the formation of adapter dimers that
might remain in the solution after purification. Due to their short
size, such dimers have a higher amplification efficiency than DNA
libraries and can interfere with cluster generation. Consequently,
excessive cluster formation of dimers can result in underclustering
of actual libraries [27,45,50]. Additionally, as experienced in se-
quencing runs (data not shown) and observed by Guo et al., highly
inhibited samples can not only affect their genotyping success but
also influence the cluster generation of the initially not inhibited
samples on the same flow cell [22]. This potential contamination
led to the decision against using artificially inhibited samples in
this study.

For the aforementioned aborted runs, pooling several highly in-
hibited and degraded samples resulted in a total loss of sequenc-
ing data. To improve the sequencing of such challenging samples,
three purification tests were conducted with highly inhibited and
degraded samples from decomposed corpses. By repeating the
manufacturer's purification workflow, including the magnetic beads'
step, the removal of PCR artifacts was improved, and the sequenc-
ing results were enhanced. The total read intensities increased with
a decrease in adapter dimers. The purification with additional spin
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columns showed only slightly less improved genotyping success
rates. Since the spin column method deviates from the actual work-
flow, repeating the manufacturer's purification workflow is more

efficient and recommended.

4.8 | Pooling adjustments for challenging samples
By increasing the pooling volume of a low-concentrated muscle
sample from a decomposed corpse to 15 pL, the genotyping success
rate increased by 17% to an almost complete profile. In addition, the
volume-wise excess of low-concentrated DNA does not affect the
remaining samples on the same flow cell, at least if they contain suf-
ficient DNA amounts. Therefore, when sequencing highly degraded
and inhibited samples, we recommend an additional PCR purifica-
tion, an adjusted pooling volume, and adding higher quality samples
to the library pool.

4.9 | Reduction of adapters for challenging samples
Furthermore, to minimize the formation of adapter dimers, a reduc-
tion of adapter volumes was tested down to 2 plL for the entire DNA
range. Library quality results of tissue samples from altered remains
showed a decrease in adapter dimer concentration and concordant
genotyping success rates for the vertebra and pars petrosa sample
and each adapter volume. Although the opposite results were ex-
pected, the profile completeness of the femur sample and DNA input
concentrations <15.6 pg decreased with reducing adapter volumes,
indicating an insufficient amount of adapter. Therefore, a reduction
of adapter is only recommended for samples with concentrations

>31.2 pg and expected high-adapter dimer occurrence.

5 | CONCLUSION

The presented study comprised extensive analysis of the MiSeq
FGx system's and ForenSeq™ DNA Signature Prep Kit's sensitivity,
repeatability, reproducibility, concordance to CE, evaluated pool-
ing variations, and validated different DNA extraction methods and
casework, degraded, and mixed samples. Overall results showed
the system to be reliable, robust, and implementable for forensic
casework samples. In agreement with previous validation studies,
the sequencing data are accurate and reproducible. Compared with
CE, NGS revealed clear advantages in terms of marker multiplexing
and concordant or even improved genotyping results. Especially for
degraded samples, the reduced amplicon sizes lead to enhanced am-
plification efficiencies and typing rates.

However, the restricted amount of DNA input for target am-
plification and interference of cluster generation by adapter di-
mers is still a main drawback for forensic applications. Particularly
highly degraded and inhibited tissue samples from altered corpses
expose the system's limits. According to the presented results

FORENSIC SCIENCES Taze=

of the optimisation studies, adjustments of library preparation
prior to sequencing are recommended. An additional PCR purifi-
cation step should be added, and the pooling volumes for low-
concentrated DNA samples should be increased to prevent run
failures. Therefore, further studies are required to improve the
genotyping success of challenging tissue samples. Nevertheless,
the MiSeq FGx has been successfully validated internally, and the
results can be used as a basis for further implementation of NGS

in forensic laboratories.

ACKNOWLEDGMENTS

The authors would like to thank Katja Anslinger for the valuable com-
ments on the paper. Open access funding provided by Universitat
Basel. WOA Institution: Universitat Basel Blended DEAL: CSAL.

DATA AVAILABILITY STATEMENT
All data generated or analyzed during this study are included in this
published article.

RESEARCH INVOLVING HUMAN PARTICIPANTS AND/
OR ANIMALS, HUMAN AND/OR ANIMAL SUBJECTS
This study involved samples from voluntary participants and
human corpses obtained for forensic purposes. No formal consent
was required for this study, which was approved by the regional
Ethical Review Board (No. 2019-02211). All procedures were
performed in compliance with the relevant laws and institutional

guidelines.

ORCID

Iris Schulz "= https://orcid.org/0000-0002-7933-2563

REFERENCES

1. Carrasco P, Inostroza C, Didier M, Godoy M, Holt CL, Tabak J,
et al. Optimizing DNA recovery and forensic typing of degraded
blood and dental remains using a specialized extraction method,
comprehensive qPCR sample characterization, and massively par-
allel sequencing. Int J Leg Med. 2020;134(1):79-91. https://doi.
org/10.1007/s00414-019-02124-y

2. Kocher S, Miller P, Berger B, Bodner M, Parson W, Roewer L, et al.
Inter-laboratory validation study of the ForenSeq™ DNA Signature
Prep Kit. Forensic Sci Int Genet. 2018;36:77-85. https://doi.
org/10.1016/j.fsigen.2018.05.007

3. WuJ, LiJ-L, Wang M-L, Li J-P, Zhao Z-C, Wang Q, et al. Evaluation of
the MiSeq FGx system for use in forensic casework. Int J Leg Med.
2019;133(3):689-97. https://doi.org/10.1007/s00414-018-01987-x

4. Hwa H-L, Wu M-Y, Chung W-C, Ko T-M, Lin C-P, Yin H-I, et al.
Massively parallel sequencing analysis of nondegraded and de-
graded DNA mixtures using the ForenSeq™ system in combina-
tion with EuroForMix software. Int J Leg Med. 2019;133(1):25-37.
https://doi.org/10.1007/s00414-018-1961-y

5. Van Neste C, Van Nieuwerburgh F, Van Hoofstat D, Deforce D.
Forensic STR analysis using massive parallel sequencing. Forensic Sci
Int Genet. 2012;6(6):810-8. https://doi.org/10.1016/j.fsigen.2012.
03.004

6. Jager AC, Alvarez ML, Davis CP, Guzman E, Han Y, Way L, et al.
Developmental validation of the MiSeq FGx forensic genom-
ics system for targeted next generation sequencing in foren-
sic DNA casework and database laboratories. Forensic Sci Int


https://orcid.org/0000-0002-7933-2563
https://orcid.org/0000-0002-7933-2563
https://doi.org/10.1007/s00414-019-02124-y
https://doi.org/10.1007/s00414-019-02124-y
https://doi.org/10.1016/j.fsigen.2018.05.007
https://doi.org/10.1016/j.fsigen.2018.05.007
https://doi.org/10.1007/s00414-018-01987-x
https://doi.org/10.1007/s00414-018-1961-y
https://doi.org/10.1016/j.fsigen.2012.03.004
https://doi.org/10.1016/j.fsigen.2012.03.004

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

JOURNAL OF

SENST ET AL.

FORENSIC SCIENCES %7a2e=

Genet. 2017;28:52-70. https://doi.org/10.1016/j.fsigen.2017.
01.011

Xavier C, Parson W. Evaluation of the Illumina ForenSeq™ DNA
Signature Prep Kit-MPS forensic application for the MiSeq FGx™
benchtop sequencer. Forensic Sci Int Genet. 2017;28:188-94.
https://doi.org/10.1016/j.fsigen.2017.02.018

van der Gaag KJ, de Leeuw RH, Hoogenboom J, Patel J, Storts
DR, Laros JF, et al. Massively parallel sequencing of short tan-
dem repeats—Population data and mixture analysis results for
the PowerSeq™ system. Forensic Sci Int Genet. 2016;24:86-96.
https://doi.org/10.1016/].fsigen.2016.05.016

Zeng X, King JL, Stoljarova M, Warshauer DH, LaRue BL, Sajantila
A, et al. High sensitivity multiplex short tandem repeat loci anal-
yses with massively parallel sequencing. Forensic Sci Int Genet.
2015;16:38-47. https://doi.org/10.1016/j.fsigen.2014.11.022
Barsting C, Morling N. Next generation sequencing and its applica-
tions in forensic genetics. Forensic Sci Int Genet. 2015;18:78-89.
https://doi.org/10.1016/].fsigen.2015.02.002

Churchill JD, Schmedes SE, King JL, Budowle B. Evaluation of the
Illumina® beta version ForenSeq™ DNA signature prep kit for use
in genetic profiling. Forensic Sci Int Genet. 2016;20:20-9. https://
doi.org/10.1016/j.fsigen.2015.09.009

Butler JM. Fundamentals of forensic DNA typing. Burlington, MA:
Academic Press; 2009.p. 191-5.

Diegoli TM, Farr M, Cromartie C, Coble MD, Bille TW. An optimized
protocol for forensic application of the PreCR™ Repair Mix to multi-
plex STR amplification of UV-damaged DNA. Forensic Sci Int Genet.
2012;6(4):498-503. https://doi.org/10.1016/j.fsigen.2011.09.003
Burger J, Hummel S, Herrmann B, Henke W. DNA preserva-
tion: A microsatellite-DNA study on ancient skeletal remains.
Electrophoresis. 1999;20(8):1722-8.

Roeper A, Reichert W, Mattern R. The Achilles tendon as a
DNA source for STR typing of highly decayed corpses. Forensic
Sci Int. 2007;173(2-3):103-6. https://doi.org/10.1016/].forsc
iint.2007.02.004

Piccinini A, Cucurachi N, Betti F, Capra M, Coco S, D’Avila F, et al.
Forensic DNA typing of human nails at various stages of decompo-
sition. Int Congr Ser. 2006;1288:586-8. https://doi.org/10.1016/j.
ics.2005.08.029

McCord B, Opel K, Funes M, Zoppis S, Meadows JL. An investiga-
tion of the effect of DNA degradation and inhibition on PCR am-
plification of single source and mixed forensic samples. National
Criminal Justice References Report 236692 2011. https://www.
ojp.gov/pdffilesl/nij/grants/236692.pdf. Accessed March 1, 2022.
Fattorini P, Previderé C, Carboni |, Marrubini G, Sorcaburu-
Cigliero S, Grignani P, et al. Performance of the ForenSeq™ DNA
Signature Prep kit on highly degraded samples. Electrophoresis.
2017;38(8):1163-74. https://doi.org/10.1002/elps.201600290
Carboni |, Fattorini P, Previderé C, Ciglieri SS, lozzi S, Nutini A,
et al. Evaluation of the reliability of the data generated by Next
Generation Sequencing from artificially degraded DNA samples.
Forensic Sci Int Genet Suppl Ser. 2015;5:e83-e5. https://doi.
org/10.1016/j.fsigss.2015.09.034

lozzi S, Carboni |, Contini E, Pescucci C, Frusconi S, Nutini A, et al.
Forensic genetics in NGS era: New frontiers for massively parallel
typing. Forensic Sci Int Genet Suppl Ser. 2015;5:418-9. https://
doi.org/10.1016/j.fsigss.2015.09.166

Frégeau CJ. Validation of the Verogen ForenSeq™ DNA Signature
Prep kit/Primer Mix B for phenotypic and biogeographical ances-
try predictions using the Micro MiSeq® Flow Cells. Forensic Sci
Int Genet. 2021;53:102533. https://doi.org/10.1016/j.fsigen.
2021.102533

Guo F, Yu J, Zhang L, Li J. Massively parallel sequencing of fo-
rensic STRs and SNPs using the Illumina® ForenSeq™ DNA sig-
nature prep kit on the MiSeq FGx™ forensic genomics system.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

Forensic Sci Int Genet. 2017;31:135-48. https://doi.org/10.1016/j.
fsigen.2017.09.003

Hollard C, Ausset L, Chantrel Y, Jullien S, Clot M, Faivre M, et al.
Automation and developmental validation of the ForenSeq™ DNA
Signature Preparation kit for high-throughput analysis in forensic
laboratories. Forensic Sci Int Genet. 2019;40:37-45. https://doi.
org/10.1016/j.fsigen.2019.01.010

Scientific Working Group on DNA Analysis Methods (SWGDAM).
Validation guidelines for DNA analysis methods. 2016. https://
www.swgdam.org/. .

MiSeq FGx™ Forensic Genomics System. Solve more cases and
generate more leads with the power and accuracy of Illumina
next-generation sequencing. System Specification Sheet: Forensic
Genomics. lllumina. Pub. No. 1470-2014-004. San Diego, CA: illu-
mina; 2016 April.

Bronner IF, Quail MA, Turner DJ, Swerdlow H. Improved protocols
forilluminasequencing. Curr Protoc Hum Genet. 2013;79(1):18.2.1-
18.2.42. https://doi.org/10.1002/0471142905.hg1802s79

England R, Harbison S. A review of the method and validation of the
MiSeq FGx™ Forensic Genomics Solution. Wiley Interdisciplinary Rev
Forensic Sci. 2020;2(1):e1351. https://doi.org/10.1002/wfs2.1351
Senst A, Scheurer E, Gerlach K, Schulz I. Which tissue to take?
A retrospective study of the identification success of altered
human remains. J Forensic Leg Med. 2021;84:102271. https://doi.
org/10.1016/j.jflm.2021.102271

Hussing C, Huber C, Bytyci R, Mogensen HS, Morling N, Barsting C.
Sequencing of 231 forensic genetic markers using the MiSeq FGx™
forensic genomics system-An evaluation of the assay and software.
Forensic Sci Res. 2018;3(2):111-23. https://doi.org/10.1080/20961
790.2018.1446672

Just RS, Moreno LI, Smerick JB, Irwin JA. Performance and concor-
dance of the ForenSeq™ system for autosomal and Y chromosome
short tandem repeat sequencing of reference-type specimens.
Forensic Sci Int Genet. 2017;28:1-9. https://doi.org/10.1016/j.
fsigen.2017.01.001

Almalki N, Chow HY, Sharma V, Hart K, Siegel D, Wurmbach E.
Systematic assessment of the performance of illumina's MiSeq
FGx™ forensic genomics system. Electrophoresis. 2017;38(6):846-
54. https://doi.org/10.1002/elps.201600511

Pajnic¢ IZ. Extraction of DNA from human skeletal material. Forensic
DNA typing protocols. Cham, Switzerland: Springer Nature; 2016.
p. 89-108.

Promega Corporation. PowerQuant® System Technical Manual
#TMDO047, Rev. 01/20. Madison, WI: Promega Corporation; 2020.
Team R. R: A language and environment for statistical computing.
Vienna, Austria: R Foundation for Statistical Computing; 2021.
Team R. RStudio: Integrated development for R. Boston, MA:
RStudio, PBC; 2020.

Wickham H, Francois R, Henry L, Miiller K. dplyr: A grammar of
data manipulation. R package version 1.0.7. 2021 2021. https://
CRAN.R-project.org/package=dplyr. .

Kassambara A. ggpubr: 'ggplot2' based publication ready plots. R
package version 0.4.0. 2020. https://CRAN.R-project.org/packa
ge=ggpubr. .

Berkelaar M. IpSolve: Interface to 'Lp_solve' v. 5.5 to solve linear/
integer programs. R package version 5.6.15. 2020. https://CRAN.R-
project.org/package=IpSolve. .

Wickham H. ggplot2: Elegant graphics for data analysis. New York,
NY: Springer-Verlag; 2016.

Lehnert B. BlandAltmanLeh: Plots (slightly extended). Bland-
Altman Plots. R package version 0.3.1. 2015. https://CRAN.R-proje
ct.org/package=BlandAltmanLeh.

Verogen. ForenSeq™ Universal Analysis Software guide. Sample
and run results. Verogen. Document # VD2018007. Rev. A. June
2018. San Diego, CA: Verogen; 2018.


https://doi.org/10.1016/j.fsigen.2017.01.011
https://doi.org/10.1016/j.fsigen.2017.01.011
https://doi.org/10.1016/j.fsigen.2017.02.018
https://doi.org/10.1016/j.fsigen.2016.05.016
https://doi.org/10.1016/j.fsigen.2014.11.022
https://doi.org/10.1016/j.fsigen.2015.02.002
https://doi.org/10.1016/j.fsigen.2015.09.009
https://doi.org/10.1016/j.fsigen.2015.09.009
https://doi.org/10.1016/j.fsigen.2011.09.003
https://doi.org/10.1016/j.forsciint.2007.02.004
https://doi.org/10.1016/j.forsciint.2007.02.004
https://doi.org/10.1016/j.ics.2005.08.029
https://doi.org/10.1016/j.ics.2005.08.029
https://www.ojp.gov/pdffiles1/nij/grants/236692.pdf
https://www.ojp.gov/pdffiles1/nij/grants/236692.pdf
https://doi.org/10.1002/elps.201600290
https://doi.org/10.1016/j.fsigss.2015.09.034
https://doi.org/10.1016/j.fsigss.2015.09.034
https://doi.org/10.1016/j.fsigss.2015.09.166
https://doi.org/10.1016/j.fsigss.2015.09.166
https://doi.org/10.1016/j.fsigen.2021.102533
https://doi.org/10.1016/j.fsigen.2021.102533
https://doi.org/10.1016/j.fsigen.2017.09.003
https://doi.org/10.1016/j.fsigen.2017.09.003
https://doi.org/10.1016/j.fsigen.2019.01.010
https://doi.org/10.1016/j.fsigen.2019.01.010
https://www.swgdam.org/
https://www.swgdam.org/
https://doi.org/10.1002/0471142905.hg1802s79
https://doi.org/10.1002/wfs2.1351
https://doi.org/10.1016/j.jflm.2021.102271
https://doi.org/10.1016/j.jflm.2021.102271
https://doi.org/10.1080/20961790.2018.1446672
https://doi.org/10.1080/20961790.2018.1446672
https://doi.org/10.1016/j.fsigen.2017.01.001
https://doi.org/10.1016/j.fsigen.2017.01.001
https://doi.org/10.1002/elps.201600511
https://cran.r-project.org/package=dplyr
https://cran.r-project.org/package=dplyr
https://cran.r-project.org/package=ggpubr
https://cran.r-project.org/package=ggpubr
https://cran.r-project.org/package=lpSolve
https://cran.r-project.org/package=lpSolve
https://cran.r-project.org/package=BlandAltmanLeh
https://cran.r-project.org/package=BlandAltmanLeh

SENST ET AL.

JOURNAL OF

FORENSIC SCIENCES Taze=

42. Verogen. ForenSeq™ DNA Signature Prep reference guide. 49. Almohammed E, Zgonjanin D, lyengar A, Ballard D, Devesse L, Sibte
Document # VD2018005 Rev. C. August 2020. San Diego, CA: H. A study of degraded skeletal samples using ForenSeq™ DNA
Verogen; 2020. Signature Kit. Forensic Sci Int Genet Suppl Ser. 2017;6:e410-2.

43. Kraemer M, Prochnow A, Bussmann M, Scherer M, Peist R, Steffen https://doi.org/10.1016/].fsigss.2017.09.158
C. Developmental validation of QIAGEN Investigator® 24plex 50. Head SR, Komori HK, LaMere SA, Whisenant T, Van Nieuwerburgh
QS Kit and Investigator® 24plex GO! Kit: Two 6-dye multiplex F, Salomon DR, et al. Library construction for next-generation se-
assays for the extended CODIS core loci. Forensic Sci Int Genet. quencing: overviews and challenges. Biotechniques. 2014;56(2):61-
2017;29:9-20. https://doi.org/10.1016/j.fsigen.2017.03.012 77. https://doi.org/10.2144/000114133

44, Butler JM. Advanced topics in forensic DNA typing: Interpretation.

San Diego, CA: Academic Press; 2014.p. 109-10.
45. England R, Nancollis G, Stacey J, Sarman A, Min J, Harbison S.
Compatibility of the ForenSeq™ DNA Signature Prep Kit with SUPPORTING INFORMATION
laser microdissected cells: An exploration of issues that arise Additional supporting information may be found in the online
with samples containing low cell numbers. Forensic Sci Int Genet. version of the article at the publisher’s website.
2020;47:102278. https://doi.org/10.1016/j.fsigen.2020.102278
46. Silvia AL, Shugarts N, Smith J. A preliminary assessment of the

ForenSeq™ FGx System: next generation sequencing of an STR

. . How to cite this article: Senst A, Caliebe A, Scheurer E,
and SNP multiplex. Int J Leg Med. 2017;131(1):73-86. https://doi.

org/10.1007/s00414-016-1457-6

47. Moreno LI, Galusha MB, Just R. A closer look at Verogen's
Forenseq™ DNA Signature Prep kit autosomal and Y-STR data for
streamlined analysis of routine reference samples. Electrophoresis.
2018;39(21):2685-93. https://doi.org/10.1002/elps.201800087

48. Optimizing cluster density on Illumina sequencing systems.
Understanding cluster density limitations and strategies for pre-
venting under- and overclustering. Illumina. Pub. No. 770-2014-
038. San Diego, CA: Illlumina. 2016 April. p. 1-12.

Schulz I. Validation and beyond: Next generation sequencing
of forensic casework samples including challenging tissue
samples from altered human corpses using the MiSeq FGx
system. J Forensic Sci. 2022;00:1-17. https://doi.
org/10.1111/1556-4029.15028



https://doi.org/10.1016/j.fsigen.2017.03.012
https://doi.org/10.1016/j.fsigen.2020.102278
https://doi.org/10.1007/s00414-016-1457-6
https://doi.org/10.1007/s00414-016-1457-6
https://doi.org/10.1002/elps.201800087
https://doi.org/10.1016/j.fsigss.2017.09.158
https://doi.org/10.2144/000114133
https://doi.org/10.1111/1556-4029.15028
https://doi.org/10.1111/1556-4029.15028

Project I1: Supplementary material

Table S1: Pooling variations. Replicate batches of pooled samples from buccal swabs and blood samples. For samples amplified with DPMB,
pooled samples were sequenced on flow cell 1 (7 replicates), 2 (12 replicates) and 3 (17 replicates) and samples amplified with DPMA

on flow cell 4 (31 replicates), 5 (36 replicates) and 6 (41 replicates). To each flow cell, the corresponding number of positive controls (PC)
and negative controls (NC) was added.

Flow Cell 1 Flow Cell 2 Flow Cell 3 Flow Cell 4 Flow Cell 5 Flow Cell 6
n="7 n=12 n=17 n=31 n=236 n=41
DPMB DPMB DPMB DPMA DPMA DPMA
Sample | Replicates | Sample Replicates | Sample | Replicates Sample Replicates | Sample Replicates | Sample | Replicates
Buccal Buccal Buccal Buccal Buccal Buccal
0 2 3 7 8 9
swab swab swab swab swab swab
Buccal Buccal Buccal Buccal Buccal Buccal
0 2 3 7 8 9
swab swab swab swab swab swab
Blood 0 Blood 2 Blood 3 Blood 7 Blood 8 Blood 9
Blood 0 Blood 2 Blood 3 Blood 7 Blood 8 Blood 9
PC 2 PC 3 PC 4 PC 2 PC 3 PC 4
NC 1 NC 1 NC 1 NC 1 NC 1 NC 1
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Abstract

The DNA-based identification success of altered human remains relies on the condition of the
corpses and varies between tissue types. The aim of this prospective multicenter study was to
generate evidence based recommendations for successful identification of altered human
remains. For this purpose, 19 commonly used soft and hard tissues from 102 altered human
bodies were investigated. The corpses’ condition was categorized in three anatomical regions
using a practical scoring system. Besides other data, DNA yields, degradation indices, and short
tandem repeat (STR) profile completeness were determined in 949 tissue samples. Additionally,
varying degrees of alteration and tissue-specific differences were evaluated with the Next
Generation Sequencing (NGS) platform MiSeq FGx. Selected challenging samples were in
parallel sequenced with the lon S5™ platform to assess platform-specific performances in
prediction of the deceased’s phenotype and biogeographic ancestry.

Differences between tissue types and DNA extraction methods were found, revealing, for
example, lowest degradation for vertebral disc samples from corpses with initiating, advanced
and high degrees of decomposition. With respect to STR profile completeness, blood samples
outperformed all other tissues, including even profoundly degraded corpses. NGS results
revealed higher profile completeness compared with standard capillary electrophoresis (CE)
genotyping. Per sample, material and degradation degree, a probability for its genotyping
success, including the “extended” European Standard Set (ESS) loci, is provided for the
forensic community. Based on the observations, recommendations for the alteration-specific
optimal tissue types are made to improve the first-attempt identification success of altered
human remains for forensic casework.
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Introduction

Short tandem repeat (STR) genotyping is essential for identifying altered human remains and
particularly important when no reference data like computed tomography scans or fingerprints
are available 2. Yet, the DNA-based identification (ID) success relies on the quantity and quality
of the extracted DNA 19, Extended post-mortem intervals (PM1) with associated decomposition
processes and exposure to high temperatures, for example, can detract DNA integrity, reducing
overall amplification success 3 9 %103 Also, proceeding microbial growth augments DNA
degradation "4, and polymerase chain reaction (PCR) inhibitors like humic compounds,
produced during decay processes, or Ca?* lons, from for example dry bones, can impair the
polymerase activity during PCR 8 124 Since the decomposition degree depends on several
factors like environmental conditions, which impact the human body unevenly, the extent of
DNA degradation can strongly vary among tissue types % 8%86.95.103 Therefore, the question of
the right sampling material arises, directly affecting STR genotyping and the desired ID success
of altered human remains 13 85 86,125

To our knowledge, until now, a systematic approach and recommendations for identification of
the large variety of soft and hard tissues from decomposed and burnt corpses and bodies found
in water with their diverse degrees of putrefaction or burning are still missing. Comparison of
previous studies revealed mostly small sample sizes and partly contradicting recommendations
126 In the field of disaster victim identification, for example, recommendations and strategies
exist, that provide valuable guidance for sample collection and prioritize bone samples of
decomposed corpses °7 192 Accordingly, long, compact bones, healthy teeth and/or other
available bones should be the first choice from decomposed corpses, and DNA stability is
considered higher in hard than in soft tissues. However, bone samples are sensibly
circumvented if soft tissues are still available since the osseous preparation is more time-
consuming, tedious and requires well-trained staff ° 1% 127 Therefore, multiple studies describe
alternative sample material like bladder swabs % %, nails & 8 198 or soft tissues like
intervertebral discs %, organs  1° or the Achilles tendon . Those diverging recommendations
and observations from a previous study %6 highlight an uncertainty in the choice of the best-
suited tissue according to its degree of decomposition. Varying DNA extraction protocols and
other laboratory-specific processes render the study results less comparable and impede
reproducibility. Furthermore, the corpse’s condition is usually not or not optimally scored due
to challenges in categorizing the alteration processes even within one body.

Most studies focus on capillary electrophoresis (CE) analysis, which is considered as gold
standard in forensic genetics > %" 128 However, the proceeding development of high
throughput DNA sequencing technologies leads to their growing relevance in forensic casework
and provides promising approaches for the analysis of altered remains by expanding the
spectrum of forensic DNA investigations > 7 114.120. 129 'Next Generation Sequencing (NGS)
methods allow multiplexing autosomal and gonosomal STRs, as well as SNPs on a much larger
scale. The reduction of amplicon length is of benefit for degraded samples and displays an
additional advantage compared to CE %0 12 130 Ag 3 previous study has shown, NGS
genotyping revealed significantly lower numbers of allelic dropouts compared to CE when

analyzing autosomal STR profiles from artificially degraded blood samples *. Furthermore,
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the potential to predict a deceased's phenotype and biogeographic ancestry within a given legal

framework can add valuable information about the person’s identity and assist investigative
leads 16117,

Using a systematic approach, the aim of this multicenter study was to establish
recommendations on the optimal tissue types for a DNA-based ID of altered human remains
according to the respective degree of alteration at first attempt. By evaluating a broad variety
of different soft as well as hard tissues and comparing DNA extraction methods of the Institutes
of Forensic Medicine Basel and Bern, corpse material with the highest probability of STR
genotyping success were determined. Besides standard CE analysis, NGS was completed for
suited samples to explore potential better performance on degraded and inhibited samples 2°
130 Next, using the leading site’s MiSeq FGx technology and the lon S5™ system of the
Institute of Forensic Medicine St. Gallen, selected challenging samples were sequenced to
assess platform-specific prediction power on the phenotype and the biogeographic ancestry of
the deceased. Finally, recommendations are represented that are fast and easy to implement in
routine forensic casework to standardize the choice of the optimal tissue type for an improved
first-attempt identification success of altered human remains.

Material and methods

Sample collection

Over a period of three years, 949 samples from soft tissues (each about 500 mg of heart, lung,
spleen, kidney, liver, M. rectus femoris, M. pectoralis major, aorta), hard tissues (rib, pars
petrosa, vertebra, femur, humerus, toenails, fingernails) and body fluids (blood, buccal swabs,
bladder swabs) were collected from human bodies during medico-legal autopsies or
identification at the Institutes of Forensic Medicine Basel and Bern. Decomposed corpses (n =
91, Basel, n=4, Bern), bodies found in water (n = 5, Basel) and burnt bodies (n = 2, Basel)
showed varying signs of decomposition or burning (Tab.1) and post-mortem intervals (PMI)
from < 24 hours to several years. Tissue samples from unaltered corpses (n = 5, Basel) were
collected as control group, leading to a total of 107 human bodies. The study design and
sampling were approved by the regional Ethical Review Board (No. 2019-02211).

Scoring method for measuring the degree of decomposition and burning

For grading the extent of decomposition and burning, human remains were categorized
according to the body’s condition using five degrees from no (Do) to severe degradation (Ds),
prior to the medico-legal autopsy or identification (Tab.1). Due to possibly deviating states of
alteration throughout the body, the parameters were - in contrast to other categorization methods
— scored independently for the three anatomical segments: 1) the head (including the neck), 2)
the trunk (thorax, abdomen and pelvis), and 3) the limbs (arms and legs). The stages of
decomposition were classified using partly modified methods and categorizations 2% 35 131, 132
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31133 35 outlined in Tab. 1. The three anatomical regions’ scores were not summed to form a

Total Body Score (TBS) 3 since bodies with the same TBS but with different decomposition
patterns per region were observed.

DNA extraction, quantification, amplification and capillary electrophoresis (CE)

Genomic DNA was extracted from blood (15 pl), soft tissue samples (100 mg each), nails (1
mm? from the nail bed) and swabs (ThermoFisher Scientific) using two extraction methods,
eluted in 50 pl each: 1) the Maxwell® FSC DNA 1Q™ Casework Kit (MWK, Promega) on the
Maxwell RSC instrument (Promega) and 2) the SwabSolution™ Kit (SSK, Promega) according
to the manufacturer’s protocols. Osseous samples were processed with a modified protocol
adapted from Pajnic 134, Subsequent to removing the remaining tissue with scalpels, the bones
were manually cleaned with distilled water (Qiagen), 5% Alconox and ethanol to eliminate
adherent contaminants. The bone surface was polished with a sanding tool (Dremel) under a
fume hood (Erlab) and then dried at 50°C for 2h in an incubator (Labnet International). To
ensure the removal of contaminations, the wash and drying steps were repeated. Following the
fragmentation of the bone in a DNA-free bag using a hammer, the shattered pieces were
pulverized using a tube mill (Tracomme) and 100 mg of the gained bone powder was used for
DNA extraction with the Bone DNA Extraction Kit (Promega).

Tissue samples from the decomposed corpses collected at the Institute of Forensic Medicine
Bern were extracted with the institute-specific extraction method to determine the influence of
DNA extraction methods. For soft tissues, the iPrep™ Forensic Kit (IPK, ThermoFisher
Scientific) and for bone samples, the PrepFiler Express BTA™ Kit (BTA, ThermoFisher
Scientific) were used as described in 1*° with the following modifications: in the cell lysis step,
the volume for PrepFiler Express BTA™ was doubled, directly added to 100 mg bone sample
and overnight incubated at 56°C. Both kits were not analyzed separately and are thus referred
to as IPK/BTA method.

DNA quantification of all 1698 extractions was performed on the 7500 Real time PCR System
(Applied Biosystems) in a total reaction volume of 25 pl using the Plexor HY System
(Promega) according to the manufacturers’ protocols. For samples extracted with the SSK
method, 5X AmpSolution™ Reagent (Promega) was added. Subsequent to amplification with
the Investigator 24Plex QS Kit (further referred to as 24Plex, Qiagen), a fragment length
analysis was performed on the ABI Prism 3500 xL Genetic Analyzer (Applied Biosystems).
The amplification kit includes the European Standard Set (ESS): FGA, THO1, VWA, D1S1656,
D2S441, D3S1358, D8S1179, D10S1248, D12S391, D18S51, D21S11, D22S1045, the
additional loci D251338, D16S539, D19S433, SE33 (further referred to as extended ESS (eESS)
loci), as well as the STR loci TPOX, DYS391, CSF1PO, D5S818, D7S820, D13S317 plus
Amelogenin 13¢-138  All analyses included the required positive and negative controls.
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Table 1: Categorization of the corpzes” degrees of alteration. Decomposed corpses were clazsified according to Megvesi et al. 11 and Gelderman et al. 2% and bodies found in water

according to van Daslen 132 Heaton ¥ and Reh 1. Degrees of burning were classified according to the Crow-Glassman scale 37 Dettmever et al. ? and Symes et al. 3%

Condition Degree  Classification  Description
Head Trunk Limbs
Decomposed Do Unaltered No visible alteration No visible alteration No visible alteration
D1 Initiating Livor mortis, rigor mortis, drying of nose, lips and ears  Livor mortis, rigor mortis, skin appears pink-white Livor mortis, rigor mortis, drying of finger and toes
D2 Advanced Bloating of the face, formation of putrefactive blisters,  Resounding blood vessels, formation of putrefactive Resounding blood vessels, formation of putrefactive
grey to green discoloration, skin slippage blisters, grey to green discoloration, skin slippage blisters, grey to green discoloration, skin slippage
Ds Highly Extensive green to black discoloration, moist and Abdominal bloating, extensive green to black Extensive green to black discoloration, moist and
detachable skin, purging of putrefaction fluids discoloration, moist and detachable skin, purging of detachable skin, purging of putrefaction fluids
putrefaction fluids
D4 Profoundly Partial skeletonization, loss of organic/inorganic Partial skeletonization, loss of organic/inorganic Partial skeletonization, loss of organic/inorganic
substances, caving in of the flesh and tissue of eyes substances, caving in on the abdominal cavity substances, joints still articulated
Ds Skeletonized ~ Complete skeletonization Complete skeletonization Complete skeletonization
Found in Do Unaltered No visible alteration No visible alteration No visible alteration
water . L . . L . . s .
D1 Initiating Livor mortis, rigor mortis, darkened lips, slight pink Livor mortis, rigor mortis, slight pink discoloration Livor mortis, rigor mortis, wrinkling of skin on hands
discoloration and feet
D2 Advanced Bloating of the face, formation of putrefactive blisters,  Resounding blood vessels, formation of putrefactive Resounding blood vessels, formation of putrefactive
grey to green discoloration, skin slippage blisters, grey to green discoloration, skin slippage blisters, grey to green discoloration, degloving and/or
absence of nails
Ds Highly Extensive green to black discoloration, moist and Abdominal bloating, extensive green to black Extensive green to black discoloration, moist and
detachable skin, purging of putrefaction fluids discoloration, moist and detachable skin, purging of detachable skin, purging of putrefaction fluids
putrefaction fluids
D4 Profoundly Partial skeletonization, loss of organic/inorganic Partial skeletonization, loss of organic/inorganic Partial skeletonization, loss of organic/inorganic
substances, caving in of the flesh and tissue of eyes substances, caving in on the abdominal cavity substances, joints still articulated
Ds Skeletonized Complete skeletonization Complete skeletonization Complete skeletonization
Burnt Do Unaltered No visible alteration No visible alteration No visible alteration
D1 Level 1 Blistering of upper dermal layer, red skin Blistering of upper dermal layer, red skin Blistering of upper dermal layer, red skin
D2 Level 2 Damage of dermis, coagulation necrosis Damage of dermis, coagulation necrosis Damage of dermis, coagulation necrosis, pugilistic
posture
D3 Level 3 Dermis/subcutaneous fat tissue completely burnt Dermis/subcutaneous fat tissue completely burnt Dermis/subcutaneous fat tissue completely burnt, parts
of arms and/or legs missing
D4 Level 4 Extensive burn destruction, heat-induced bursting of Extensive burn destruction Extensive burn destruction
the cranium
Ds Level 5 Cremation with little or no tissue left Cremation with little or no tissue left Cremation with little or no tissue left
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Next Generation Sequencing with the MiSeq FGx and the lon S5™ system

A total of 155 tissue samples with varying degrees of decomposition were sequenced using the
ForenSeq DNA Signature Prep Kit on the MiSeq FGx System (both Verogen). Target
amplification was performed with DNA Primer Mix A (DPMA: 27 autosomal STRs, 24 Y-
STRs, 7 X-STRs, 94 identity informative (ii) SNPs) and DNA Primer Mix B (DPMB: 22
phenotypic informative (pi) SNPs, 56 biogeographical ancestry informative (ai) SNPs and the
DPMA loci) in reaction volumes of 15 pl. Target enrichment, library purification,
normalisation, pooling, and denaturation of libraries were conducted according to the
manufacturer’s protocol **°. To assure the libraries’ quality prior to sequencing on MiSeq
FGx™ micro flow cells (Verogen), the High Sensitivity DNA Kit on the BioAnalyzer 2100
(both Agilent) was used as quality control. Each sequencing run included 2800 M Control DNA
(Promega) as positive control and nuclease-free water (Qiagen) as negative control.

For possible device-depending deviations in predicting the deceased’s phenotype and
biogeographic ancestry, a subset of 20 tissue types D> to D4 were additionally sequenced using
the lon S5™ (ThermoFisher Scientific) at the Institute of Forensic Medicine St Gallen. For this,
the leading site provided quantified DNA extracts from heart, Achilles tendon, aorta, vertebral
disc, M. rectus femoris and lung samples as well as teeth, rib, blood samples, toenails and
bladder swabs. For each sample, the Precision ID Ancestry Panel (Applied Biosystems™) and
HIirisPlex-S Panel (AmpliSeq Designer Panel) were analyzed together. Library preparation was
performed on the Ion Chef™ (ThermoFisher Scientific) using the Precision ID DL8 Kit
(Applied Biosystems™). With the exception of the mixture of both primer panels, which is
described in a ThermoFisher Technical Note % the library preparation was performed
according to the manufacturer's protocols. Sequencing was performed on the lon S5™ using
the Ton S5™ Precision ID Chef & Sequencing Kit (Applied Biosystems™) according to the
manufacturer's protocol on an Ion 520™ Chip (Ion Torrent™).

Data analysis

Quantification was performed using the Plexor Analysis Software (Promega, version 1.5.6.7)
according to the manufacturer’s instructions. CE data was analyzed by using the GeneMapper
ID-X v.1.6 Software (Applied Biosystems) with default stutter filters and a threshold of
validated 50 relative fluorescence units (RFU). For each corpse, a reference STR profile was
generated by combining reportable alleles derived from all of the corpse’s analyzed tissue
samples (composite profile) or by using previous STR information from the respective case.
Profile completeness was calculated separately for 1) successful typing of all 24Plex kit
included 22 STR loci and 2) successful typing of the 16 eESS loci. Peak heights below the
analytical threshold were interpreted as dropouts. Profile completeness in percentage was
calculated by dividing the reportable alleles by the number of alleles from the corpse’s reference
profile. Additionally, the probability of genotyping success was calculated separately for 22
and 16 loci (further referred to as probability of genotyping success).
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For average peak height, all allele heights were summarized and divided by the number of
alleles. The 24Plex kit-specific quality sensors QS1 (74 bp) and QS2 (435 bp) were used to
assess the presence of PCR inhibitors and confirm DNA degradation %! The ratio of the
sensors, calculated by dividing the peak height of QS1 by the peak height of QS2, indicates
inhibited DNA in case of decreasing peak heights for QS2 41, Besides the interpretation of the
artificial quality sensors, an additional degradation index (DI) was calculated to assess the true
extent of DNA degradation by using the genetic material itself with the following equation:

DI = ( peak height D21S11  peak height SE33  peak height D251338 peak height FGA peak height D75820 )
“\ peak height THO1 peak heigth TPOX = peak height D1051248 = peak height D25441 = peak height D165539

The resulting DI ranged between 1 (no degradation) and 0 (complete degradation) 142,

MiSeg FGx sequencing data was analyzed using the ForenSeq Universal Analysis Software
(UAS, Verogen) with default interpretation and analytical threshold settings. Coverage below
the analytical threshold of 1.5% was considered as allelic dropout. For each corpse, the
reference profile generated by the CE based STR (CE STR) was used. Completeness between
CE and NGS profiles was compared using the overlapping STR loci Amelogenin, TPOX, FGA,
THO1, VWA, D1S1656, D2S1338, D2S441, D3S1358, D5S818, D7S820, D8S1179,
D10S1248, D12S391, D13S317, D16S539, D18S51, D19S433, D21S11, DYS391, D22S1045
and CSF1PO. The polymorphic STR locus SE33 (ACTBP2) is not included 143, Estimation of
biogeographic ancestry and prediction of phenotype was provided by the UAS. Sequencing data
by the lon S5™ were analyzed using the Converge™ Software (ThermoFisher Scientific) with
default interpretation and analytical threshold settings. DNA phenotyping was performed using
the HlrisPlex-S online prediction tool (https://hirisplex.erasmusmc.nl/)*44-46 and estimation of
biogeographic ancestry was obtained from Converge™ Software. For the comparison of the
platform-specific predictions on phenotype and ancestry, a NGS profile was defined as
complete when all loci were reportable per MiSeq (24 piSNPs, 54 aiSNPs) and lon S5™ kit (42
PiSNPs, 165 aiSNPs), respectively.

Statistical analyses were performed using R version 4.1.1 7 and R studio version 2021.09.0
148) Distribution of the data was assessed with the Shapiro-Wilk normality test, density and Q-
Q plots using the dplyr 9 and ggpubr *° packages. Normality could be assumed for the
outcomes DNA quantity and RFU peak heights. Then, one-, two- and three-way factor analysis
of variances (ANOVA) was used to determine statistical significance for the influence variables
degrees of alteration, tissue types and DNA extraction method (with and without interaction).
For this, the package Ipsolve ! as well as the function aov and TukeyHD were used and
significance was defined as p<0.05. Since no normal distribution could be assumed for
outcomes DI, QS and profile completeness (in percent), the nonparametric Kruskal-Wallis test
was used in these cases to determine significant differences for either degree of decomposition,
tissue type or the extraction methods MWK and SSK. The attainment of a complete STR profile
is a dichotomous outcome and was thus analyzed by a logistic regression with influence
variables tissue type, degree of alteration and extraction method. Comparison of profile
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completeness between NGS and CE as well as profile completeness for the piSNPs and aiSNPs
for phenotype and ancestry prediction between the MiSeq FGx and lon S5™ systems was
assessed by using the paired Wilcoxon signed-rank test. Data visualization was performed using
the ggplot2 package *2.

Results

DNA quantification

DNA quantities of samples from decomposed corpses differ significantly between tissue types
(p<0.001) and degrees of decomposition (p<0.001) but not for the extraction method (p=0.632).
Significant interactions between the factor extraction method and degree (p<0.001) and
between extraction method and tissue type (p<0.001) were found (three-way ANOVA).
Stratified analyses for the decomposition degrees showed significant influence in DNA
extraction method only in unaltered human remains (D0, p<0.001) and significant influence in
tissue type for degree Do-Ds (all p<0.001). Interaction were significant for D1, D2 and D3 (two-
way ANOVA).

For DNA extracted with the MWK method, yields ranged from 3 pg/ul to 748 ng/ul and showed
the highest mean quantities in kidney and spleen samples from unaltered remains (222 ng/pul,
and 211 ng/ul, respectively) (Fig.1). As expected, for most tissue types, the DNA vyield
decreased with advanced decomposition processes. Lowest DNA yields were measured for
teeth samples in each degree of putrefaction. Wide confidence intervals indicated high
variations even within the same tissue type and degree of decomposition and showed the
greatest range for liver samples D1 (3 pg/ul to 314 ng/ul). In contrast, confidence intervals of
samples from the vertebral disc, aorta and blood were smaller and more consistent between
degrees of decomposition, indicating low variances. DNA extracted with the SSK method
displayed a higher concentration range from 4 pg/ul to 1374 ng/ pl. Spleen sample D1 yielded
the highest mean DNA concentrations (530 ng/ul) and samples from the Achilles tendon the
lowest within each degree of decomposition (Fig.S1). For comparing the efficiency of DNA
extraction methods, 57 tissue Dz or D4 samples were extracted with the IPK/BTA method
showed highest mean DNA vyields for spleen samples D4 and fingernails D3 (158 ng/pl, 104
ng/ul, respectively). With the small sample size (n=4), no samples Do, D1, D2 and Ds could be
collected at the Institute of Forensic Medicine Bern.

For bodies found in water (n=5), only tissue samples Do, D1 and D3 could be obtained. As for
decomposed bodies, DNA yields decreased with advanced signs of decomposition. With mean
amounts of 692 ng/ul highest yields were observed for spleen samples D1 and lowest yields for
buccal swabs D3 (0.83 ng/ul), both extracted with the SSK method. DNA yields of burnt human
remains (n=2) ranged from 4 pg/ ul to 514 ng/ul and showed the lowest yields of DNA from
the M. rectus femoris D3 (5 pg/pul MWK) and highest from spleen samples D3 (166 ng/ul
MWK).
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Fig. 1: Quantification results (ng/ul) of DNA extracted with the Maxwell® FSC DNA IQ™ Casework Kit from
tissue samples of decomposed corpses. Presented is the confidence interval of the mean. Samples are separated
according to the anatomical regions and the corpse’s degrees of decomposition ranging from 0 (unaltered) to 4
(profoundly). Due to the small number of samples, Ds results are not shown. The other missing data represent
not available sample material.

DNA integrity

For decomposed corpses, the calculated degradation indices differed prominently by tissue
types (p<0.001 MWK, p<0.001 SSK), degrees of putrefaction (p<0.001 MWK, p<0.001 SSK)
and extraction method (p<0.001). Stratified analyses showed significant difference in
extraction method for D, (p=0.001), D3 (p<0.001) and D4 (p<0.001) and tissue type for Do-D3
(p<0.001, all p-values Kruskal-Wallis test). For DNA extracted with the MWK method, low DI
of bladder swabs D4 (median = 0.19), buccal swabs D4 (median = 0.07), kidney samples D4
(median = 0.07), and pars petrosa samples Ds (median = 0.01) indicated a strong “ski-slope
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effect” 5 and therefore highly degraded DNA (Fig.2A). With the exception of Da, vertebral
disc samples revealed the highest DI of > 0.80 for each degree of decomposition and, thus, low
DNA degradation. For the SSK method, samples from the liver and fingernail D4 revealed the
lowest DI. Indices of kidney and liver samples were < 0.15 for each degree of decomposition,
representing highly degraded DNA (Fig.2B). For tissue samples extracted with the IPK/BTA
method, the DI were comparably low for each analyzed tissue type. The lowest DI was observed
for Achilles tendon D4 (median = 0) and the highest for samples from blood D4 (median = 0.93)
and ribs D3 (median = 0.78).

Bodies found in water also showed lower DI with advanced signs of putrefaction. For D3, DNA
from liver samples and buccal swabs displayed the lowest median DI for both MWK and SSK
extraction methods (0.09, and 0.11, respectively). DNA from burnt corpses was most degraded
in muscle samples (M. rectus femoris and M. pectoralis major) and showed DI of > 0.001 even
for Di1. In contrast, buccal swabs D3 showed the highest DI median indices (0.98) with the

MWK method.
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The ratio of peak heights of internal quality sensors ranged from 0 to 2.13 (MWK) and 0 to 1.59
(SSK) for decomposed corpses (Fig. S2). DNA extracted with the MWK method showed no
significant differences between tissue types (p=0.968) but between degrees of decomposition
(p<0.01, all p-values Kruskal-Wallis test). For Do, a median of 0.95 indicated balanced peak
heights and no presence of inhibitors. With advanced degree of decomposition, the median only
slightly increased from 1.03 (D1) to 1.09 (Ds), which reflects absence of inhibitors and an
efficient purification of the DNA extracts. For three samples the larger quality sensor QS2
dropped-out, implying the presence of inhibitors. For samples extracted with the SSK method,
the ratios differed significantly between tissue types (p=0.011) and degrees of decomposition
(p<0.001, all p-values Kruskal-Wallis test). With median of 0.91 (Do) and 0.85 (D4), a decrease
in QS2 peak heights was observed, indicating advanced degrees of decomposition. Compared
to the MWK method, more samples were below 0. In comparison, DNA extracted with the
IPK/BTA method exposed less ratios below 0, with median of 1.12 (D3) and 1.37 (Da).

For bodies found in water, results were comparable to decomposed bodies and showed medians
of 1.01 (D1) to 1.11 (Ds3) for samples extracted with MWK and 0.94 (D) to 0.87 (Dz3) for SSK.
Medians of burnt human remains ranged from 1.09 (D1) to 1.21 (Ds) for samples extracted with
MWK and 1.34 (Dy) to 1.0 (Ds) for samples extracted with SSK.

STR genotyping with CE (CE STR)
RFU peak heights

RFU peak heights of samples from decomposed corpses differ significantly between tissue
types (p<0.001) and degrees of decomposition (p<0.001) and extraction method (p<0.001).
Significant interactions between the factor extraction method and degree (p<0.001) were found
(three-way ANOVA). Stratified analyses for the decomposition degrees showed significant
influence in DNA extraction method only in D2 (p<0.001) and Do (p<0.001) and significant
influence in tissue type for degree D1-D4 (all p<0.001). Interaction was significant for D, (two-
way ANOVA).

Highest mean peak heights were noted in MWK extracted samples from the frontal lobe D1 and
D3 (7279 RFU, 6497 RFU, respectively) as well as heart D3 (4061 RFU) (Tab.S1). In
comparison, mean peak heights of liver samples were below 2966 RFU for each degree of
decomposition. For SSK extracts, greater variations in each degree of decomposition were
observed, with the highest mean heights for heart samples D1 (3002 RFU) and the lowest for
lung samples D4 (540 RFU). For tissue IPK/BTA extracted samples, no great differences were
shown for samples D3 and Ds. Mean heights of blood samples D4 (6457 RFU) and samples
from the frontal lobe D3 (4562 RFU) were the largest and pars petrosa samples D4 revealed the
lowest peak heights (875 RFU).
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Mean peak heights of samples from bodies found in water also varied between degree of
putrefaction as well as tissue types and ranged from 564 to 9695 RFU (MWK) and 55 to 26042
RFU (SSK). Comparable to samples from decomposed remains, DNA extracted with the SSK
method revealed a greater variation within each degree and greatest mean heights for samples
from the M. pectoralis major Dz (6416 RFU SSK) and the frontal lobe D1 (5312 RFU MWK).
The low number of samples from burnt human remains showed high peak heights variations
within both extraction methods and the greatest heights in samples from the vertebral disc D3
(8406 RFU MWK) and fingernails D3 (14820 RFU SSK) as well as lowest in samples from the
liver D3 (1996 RFU MWAK) and M. rectus femoris D3 (109 RFU SSK).

Profile completeness

Statistical differences in profile completeness of the 22 STRs were observed for tissue types
(p<0.001 MWK, p<0.001 SSK) as well the degree of decomposition (p<0.001 MWK, p<0.001
SSK) (Fig.3). Although the DNA extraction methods differed statistically (p<0.001, all p-values
Kruskal-Wallis test), differences were not significant in the subgroups Do, D1 and D2. As
expected, profile completeness decreased with advanced signs of decomposition. Median
profile completeness of MWK extracted heart samples revealed a constant decline from 99 %
(Do), 99 % (D1), 98 % (D2), 91 % (Ds) to 86% (Da4) (Fig. 3A). However, DNA from blood
samples showed no decrease and a median profile completeness of 100% for each degree. As
comparison, profile completeness of each SSK extracted tissue displayed significantly more
allele dropouts for Dzand D4 (Fig. 3B). Due to greater variances within each tissue and degree,
median profile completeness of heart and vertebral disc samples D4 decreased to 29% and 28%,
respectively.
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For predicting the genotyping success with respect to all 22 loci, significant differences between
degree of decomposition (p<0.001), tissue types (p<0.001) and extraction method (p<0.001, all
p-values logistical regression) were detected. The prediction of typing success for each tissue
type and degree of decomposition is summarized in table 3 and exposed blood samples (MWK)
with the highest probability of complete CE STR profiles for each degree. As comparison, the
probability of typing success for the 16 eESS loci is opposed (Tab.3). DNA extracted with the
IPK/BTA method showed genotyping success rates of 100% for samples from the brain, blood,
rib, vertebral disc and femur (Ds and D4). The highest number of allelic dropouts was observed
in a sample from the Achilles tendon Dg.

The genotyping success of samples from bodies found in water was similar to that of
decomposed remains with > 95% of the 24Plex loci for each MWK extracted D tissue, except
for kidney samples (mean = 56%). For liver, lung and spleen D3 samples, mean completeness
decreased to < 78 %. As for decomposed bodies, number of allelic dropouts increased with the
SSK method and mean profile completeness of liver and fingernail samples were 85 % and 75
%, respectively. DNA from burnt human remains only showed a decrease for Dz samples from
M. rectus femoris and M. pectoralis major (56 % and 50 %, MWK) and D3 liver samples (95
%, SSK).
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Table 3: Probability of obtaining complete CE STR profiles of DNA samples from decomposed corpses (Do-Ds), extracted with the Maxwell® FSC DNA 1Q™ Casework and

the SwabSolution™ kits. Separated are probabilities for all 24Plex kit included STR loci and the 16 ¢ESS loci with respect to each tissue and anatomical region

Extraction method Anatomical region Tissue Probability of success for 24 loci Probability of success for eESS 16 loci
Do D1 D> Ds D4 Ds Do D1 D2 D3 Da Ds
MWK Head Pars petrosa 0.75 1.00 1.00 0.77 0.64 0.34 0.75 1.00 1.00 0.77 0.64 0.34
Buccal swab 0.80 0.67 0.62 0.64 0.67 NA 0.80 0.67 0.62 0.64 0.67 NA
Frontal lobe 0.80 0.67 0.67 0.80 NA NA 0.80 0.67 1.00 0.80 NA NA
Brain liquid NA NA 1.00 0.86 0.62 NA NA NA 1.00 0.86 0.57 NA
Teeth NA 1.00 1.00 0.61 0.46 0.50 NA 0.50 1.00 0.61 0.46 0.50
Trunk Aorta 0.80 1.00 0.82 0.53 0.50 NA 0.80 1.00 0.82 0.53 0.50 NA
Bladder swab 0.80 0.67 0.70 0.62 0.50 NA 0.80 0.67 0.80 0.62 0.50 NA
Blood 1.00 1.00 1.00 1.00 1.00 NA 1.00 1.00 1.00 1.00 1.00 NA
Heart 0.40 0.60 0.50 0.69 0.50 NA 0.40 0.60 0.50 0.75 0.50 NA
Kidney 0.40 0.50 0.50 0.50 0.40 NA 0.40 0.50 0.60 0.57 0.40 NA
Liver 0.20 0.00 0.34 0.24 0.00 NA 0.20 0.00 0.34 0.29 0.00 NA
Lung 0.60 0.80 0.80 0.53 0.25 NA 0.60 0.80 0.90 0.60 0.25 NA
Spleen 0.60 0.50 0.75 0.69 0.25 NA 0.60 0.50 0.78 0.69 0.25 NA
M. pectoralis major 0.80 0.80 0.91 0.24 0.67 NA 0.80 0.80 0.91 0.24 0.67 NA
Vertebral disc 1.00 1.00 0.67 0.50 0.60 NA 0.80 1.00 0.67 0.70 0.60 NA
Rib 0.80 0.80 0.70 0.73 0.25 NA 0.80 0.80 0.70 0.80 0.75 NA
Limb Achilles tendon NA 1.00 1.00 0.70 0.43 NA NA 1.00 1.00 0.80 0.43 NA
Fingernail NA 1.00 0.90 0.46 0.34 NA NA 1.00 0.90 0.54 0.29 NA
M. rectus femoris NA 0.91 0.65 0.39 0.46 NA NA 0.91 0.65 0.39 0.46 NA
Toenail NA 1.00 0.90 0.91 0.50 NA NA 1.00 0.90 0.91 0.50 NA
SSK Head Buccal swab 0.80 0.67 0.62 0.64 0.34 NA 0.80 0.67 0.62 0.64 0.33 NA
Frontal lobe 0.80 0.67 1.00 0.80 NA NA 0.80 1.00 1.00 0.80 NA NA
Brain liquid NA NA 1.00 0.71 0.43 NA NA 1.00 0.70 0.71 0.50 NA
Trunk Aorta 1.00 0.60 0.73 0.40 0.25 NA 1.00 0.80 0.73 0.40 0.25 NA
Bladder swab 0.80 0.67 0.80 0.31 0.00 NA 0.80 0.67 0.80 0.38 0.00 NA
Blood 0.60 1.00 0.88 0.44 0.50 NA 0.60 1.00 0.88 0.44 0.50 NA
Heart 0.80 0.60 0.60 0.44 0.25 NA 0.80 0.60 0.70 0.38 0.25 NA
Kidney 0.60 0.50 0.60 0.29 0.40 NA 0.60 0.50 0.60 0.29 0.40 NA
Liver 0.80 0.00 0.11 0.06 0.00 NA 0.80 0.00 0.11 0.06 0.00 NA
Lung 0.60 0.60 0.70 0.34 0.00 NA 0.60 0.60 0.80 0.33 0.00 NA
Spleen 0.20 0.75 1.00 0.38 0.50 NA 0.80 0.75 1.00 0.38 0.50 NA
M. pectoralis major 0.40 0.60 0.82 0.18 0.00 NA 0.60 0.60 0.82 0.17 0.00 NA
Vertebral disc 0.80 0.67 0.67 0.60 0.20 NA 0.80 0.67 0.67 0.70 0.80 NA
Limb Achilles tendon NA 1.00 0.62 0.60 0.14 NA NA 1.00 0.75 0.60 0.14 NA
Fingernail NA 1.00 0.80 0.38 0.29 NA NA 1.00 0.80 0.38 0.29 NA
M. rectus femoris NA 0.73 0.65 0.26 0.38 NA NA 0.82 0.65 0.32 0.38 NA
Toenail NA 1.00 0.81 0.77 0.50 NA NA 1.00 0.89 0.77 0.50 NA
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NGS with the MiSeq FGx system
Read count

DNA of 155 tissue samples from decomposed corpses extracted with the MWK method was
sequenced with the MiSeq FGx system and revealed decreasing read count for most tissue types
with advanced signs of decomposition (Fig.4). For D1, mean number of reads below the
recommended threshold of 85,000 >3 were only obtained from liver samples (29,207). Greater
alteration of the body (D3 and D4) showed increased influence on soft tissues from the trunk
and mean read counts below 85,000 for, among others, samples from the liver D3 and aorta D4
(38,086, and 2,779, respectively). Read counts were the lowest for dry bone samples Ds from
the humerus and pars petrosa (13,037, and 4,866, respectively).
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Fig. 4: Read counts of samples extracted with the Maxwell® FSC DNA IQ™ Casework Kit of decomposed
corpses. Samples are separated according to the corpse’s degrees of decomposition and range from 0 (unaltered)
to 5 (skeletonized). Dotted line represents manufacturers’ threshold of 85,000. Missing data represent not available
sample material.
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Concordance of profile completeness between CE and NGS

Statistical analysis revealed significant differences (p<0.001, paired Wilcoxon test) between
profile completeness of overlapping loci from CE and NGS. On average, more samples (MWK)
showed lower numbers of allelic dropouts with NGS (Fig.5). However, comparison of each
decomposition degree showed significant differences only for D4 (p<0.001, paired Wilcoxon
test). Samples from the heart and liquid brain samples had the greatest deviations with median
profile completeness of 93 %, 70% respectively for NGS and 73 %, 48% for CE. Blood and
brain samples each exposed genotyping success rates of 100% for both methods.
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Fig. 5: Profile completeness (%) of tissue samples of decomposed corpses extracted with the Maxwell® FSC DNA
IQ™ Casework Kit. The results for the different degrees were summed up and the median is presented. Compared
are STR profile completeness of the overlapping loci obtained with CE and NGS.
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Phenotype and ancestry prediction with the MiSeq FGx and the lon S5™ systems

Performance comparison of the MiSeq FGx and the lon S5™ systems revealed no significant
differences between completeness of each sequenced SNP panel (piSNPs: p=0.141, aiSNPs:
p=0.753, all p-values paired Wilcoxon test, Fig.6). For piSNPs, a total of 14 samples from
Achilles tendons, blood, a lung, M. rectus femoris, ribs, a vertebral disc and toenails revealed
genotyping success rates of 100% for both technologies. Only one Achilles tendon sample D4
showed distinct lower profile completeness with MiSeq FGx (18% with MiSeq FGx, 43% with
lon S5™). For the tendon, similar results were observed when comparing profile completeness
of aiSNP panels (30% with MiSeq FGx, 35% with lon S5™). Predictions of the corpses’
phenotypes revealed similar tendencies for both platforms and, with the exception of one
sample, concordant genotypes. For one aorta sample, genotypes differed in rs1042602,
rs4959270, rs1393350, rs28777 and rs12913832. However, no deviations in hair or eye color
were observed between tissue types, indicating the devices’ reproducibility. Except for one
deceased, the estimation of biogeographic ancestry was also concordant for both systems, and
predicted European ancestry. The exception, a highly decomposed corpse, revealed African
ancestry in three out of four sequenced samples. The fourth sequence from the aorta led to a
switch in ancestry estimation due to the high number of dropouts, indicating ad mixed American
ancestry with the MiSeq FGx system and European ancestry with the lon S5™ system.
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Fig. 6: Profile completeness (%) of tissue samples (D, to D.) of decomposed corpses, extracted with the Maxwell®
FSC DNA 1Q™ Casework Kit. Compared are aiSNP and piSNP genotyping success rates of loci obtained with
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Discussion and Recommendations

The choice of sampling material can influence STR genotyping and is essential for a successful
DNA-based identification of altered human remains. Just recently, a retrospective study has
shown an uncertainty on the right sample selection, which was accompanied by parallel or
sequential extra analyses, elevating time and costs 2°. Also, the large number of studies
confirms the need to detect the most promising 1D material for genetic profiling 8 97102 9.10. 127
6. 86,108 95, 96 99 \Whereas the prognosis for unaltered human corpses seems not to be so
demanding, material from highly degraded bodies is much more challenging or even
unpredictable concerning successful STR profiling 6. To minimize this gap, an unprecedented
variety of soft and hard tissues, including the most common ones for ID processes, were
systematically investigated within this multicenter study. Known impact factors, such as the
DNA extraction methods, were covered analyzing the influences of non-purifying and purifying
systems on the ID success. As a forthcoming technology in forensic ID processes, NGS was
included in the study, showing its valuable advantages but also limitations when compared to
standard CE analysis *°. The comparison of those currently used technologies confirms the
similar power in phenotype and ancestry prognosis of human deceased as it was also proven
for mock samples in fairly new NGS proficiency tests 14,

The following recommendations were established for improving the first-attempt identification
success of altered remains on the basis of our systematic approach and its results. Prior to
sample collection, visual classification of the corpses’ condition is essential. Appearances like
skin discolorations, blisters or partial skeletonization can be easily identified, yet, due to highly
variable environmental influences and processes of alteration within a corpse, categorizing the
whole body in one degree of decomposition or burning is not precise enough in most cases.
Also, a TBS %3 was not calculated due to too high deviations observed within one score. The
TBS is relevant for quantifying the body’s total progress of decomposition and estimating the
PMI, however, it is not suitable for categorizing the degree of decomposition of single tissue
types. Therefore, the bodies’ analyzed tissues were separated in three anatomical regions and
were each assigned an independent degree. This allows a faster, simple and more precise
description of possible and often diverse degradation degrees within one body.

According to the DNA quantification results, no significant differences were observed between
the MWK and SSK extraction method for decomposed remains, with a tendency to higher DNA
yields for SSK extractions, probably due to the capacity restriction of the magnetic beads with
the MWK method . Although the SSK method was developed specifically for DNA
extractions from buccal swabs, it results in sufficient DNA vyields even with challenging
samples from altered remains. Accordingly, the extraction represents a cost-efficient and fast
alternative in case of time shortage or financial constraints 8. While liver and spleen samples
displayed high DNA vyields for both extraction methods, samples from the vertebral disc, aorta
and blood revealed similar confidence intervals and higher consistency between degrees of
decomposition, indicating little influence of deviations from the subjective classification of the
corpse’s alteration.
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Besides DNA quantity, the decision of the best-suited tissue type for STR genotyping depends
mainly on the quality of the extracted DNA. Allelic dropouts, imbalanced alleles and a “ski
slope effect” “*caused by DNA degradation complicate the differentiation between homo- and
heterozygotes and impede the interpretation of genotyping results. Calculation of DI and the
evaluation of quality sensor ratios was used to evaluate DNA integrity and revealed, concordant
to the findings of Uerlings et al. 8, highest degradation values for soft tissues extracted with
the SSK method. Compared to the MWK method, DI were significantly lower in DNA extracted
with the SSK method, thus the DNA was more subject to degradation. Since the sampling
material was identical, lower DI observed in SSK extracted samples are likely the result of the
non-purified extraction method with inhibitors still being present. Differences between DI of
tissue types were even observed for unaltered and presumably unproblematic remains (Do),
highlighting the importance of choosing the best-suited tissue for ID purposes. As expected, the
ratio of the artificial sensors QS1 and QS2 showed a higher tendency of inhibitors in DNA
extracted with the SSK method, which can be explained by the absence of extract purification.
However, the wide ranges of quality sensor ratios and imbalances between peak heights impede
the interpretation whether inhibitors are present or not. Since no significant differences were
observed between tissue types, no proposition could be made as to which tissue is more
susceptible to PCR inhibition.

Due to the importance of typing as many loci as possible for identification purposes of unknown
human remains, profile completeness and prognoses on STR genotyping success was presented
for all 24Plex kit included loci. The detected differences between tissue types and degree of
decomposition emphasize the collection of sampling material according to the corpses’
condition with respect to the three anatomical regions. For MWK extracted samples, D1 samples
of the trunk revealed lower profile completeness compared to D2, which could be explained by
differing sample sizes or the subjective categorization of the corpses. Interestingly, although
DNA extracts were not purified with the SSK method, sufficient profiles were obtained from
tissue types up to D> for identification purposes, indicating the robustness of the method.

The transnational 16 extended loci of the European Standard Set are important to report profiles
for an effective search in nations’ databases. Since no distinct difference in probabilities of
genotyping success was observed compared to 22 loci, the following recommendations focus
on the completeness of the 16 eESS loci, extracted with MWK method, since the majority of
forensic laboratories purify expected challenging samples. Due to the smaller number of bodies
found in water and burnt corpses our recommendations address only decomposed corpses.
Since the sample size of bone samples Ds was not sufficient, no guidance can be given for dry
bones. However, for these materials, the valuable DVI recommendations °” should be consulted.
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Recommendation #1: Collect a buccal swab (Do, D4), a sample from the frontal lobe (Do, Dz,
Dz), a sample from the pars petrosa (D1, D) or teeth (D) from the head of decomposed corpses.

Comparison of genotyping success of tissues collected from decomposed heads revealed brain
samples with the highest probabilities of complete STR profiles for various degrees of
putrefaction. Those findings were also observed in the study of Uerlings et al., in which 16 out
of 20 DNA samples from brain tissue extracted with the DNeasy Kit revealed complete STR
profiles 8. This could be explained by the location in the skull and the enclosure of the dura
mater, which provides a longer protection against bacterial and insect infestation compared to
soft tissues of the trunk ®*. Furthermore, according to Huang et al., the chromatin structure is
properly preserved for at least 30 hours after death ®. Study results also revealed bone powder
from the pars petrosa as reliable sample material from decomposed corpses. Since the petrous
bone is one of the most compact and dense bone in the human body, DNA preservation is
greater compared to cancellous bones 1° and high DNA yields as well as low degradation can
be expected. Although teeth samples yielded low DNA quantities, the probability of complete
STR profiles was the highest in teeth for D, samples, which could also be explained by the
teeth’s density and the enamel providing environmental protection 2°, Unexpectedly, despite
high degradation in DNA extracted from buccal swabs D4, STR genotyping revealed the highest
probability (67%) for generating complete profiles. Since the buccal collection is fast and easy
and there is no damage to the body, the sampling represents a potential source for further
molecular analyses.

Recommendation #2: Collect a blood sample (Do-Da4), a sample from the aorta or vertebral
disc (D1) from the trunk of decomposed corpses.

For sampling material from the trunk, blood samples are the optimal sources for STR
genotyping and are recommended for unaltered and decomposed corpses ranging from D; to
Ds. Despite advanced decomposition, small amounts of blood were still available in the heart.
Even though DNA yields were comparably low, high DNA degradation indices and genotyping
success rates were observed, indicating high DNA preservation and stability. Those findings
are also supported by the study of Bér et al. . Additionally, best-suited tissue samples from
decomposed corpses D1 are samples from the aorta and vertebral disc. Concordant to the results
of Sato et al. %, aorta tissue represents a promising source for STR genotyping. This could be
explained by the resilient and elastic structure of the aortic wall, making it more resistant to
decomposition processes . Furthermore, as also shown in the study of Becker et al. %, samples
from the vertebral disc revealed high quality DNA profiles, which could be explained by the
cells being embedded in an extracellular matrix, making them less susceptible to decomposition
processes. Compared to other soft tissues from the trunk, liver samples strongly underperformed
for each degree of decomposition and are therefore not recommended for DNA based
identification. In line with the findings of Uerlings et al. &, Schwark et al. 1° and Helm et al. %,
liver samples revealed high DNA degradation and low profile completeness, which could be
explained by the great number of lysosomes facilitating post-mortem destruction of the cell
membrane &°.
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Recommendation #3: Collect a sample from the Achilles tendon (D1, D>), fingernail (D1), or
toenail (D1, D3, D4) for limbs from decomposed corpses.

Comparison of tissue types from limbs revealed the Achilles tendon as optimal sampling
material. Supported by the study results of Roeper et al. %, high STR genotyping success is
observed, indicating profound DNA stability and protection against autolysis and putrefaction.
Furthermore, nails are recommended as best-suited sampling material from corpses classified
D, D3 and Ds. Finger- and toenails are robust, available from bodies with wide ranges of
alteration and can be easily removed when limbs are not mummified or dried . Since no
opening of the body is necessary, nail samples can be collected even if no autopsy is ordered or
a manipulation of the body should be avoided due to religious reasons.

Recommendation #4: Combination of recommended tissue types

As the provided classification is divided into three anatomical regions of the corpse, up to three
different degrees of decomposition or burning are possible. For example, a decomposed corpse
categorized D1 (head), D3 (trunk) and D4 (limbs) would lead to a sampling recommendation of
pars petrosa, blood and toenail samples. In order to collect the best-suited material, the
individual case and the availability of sampling material (in case of missing body parts) has to
be considered. Also, the integrity of the body has to be considered, especially if no autopsy is
ordered or not feasible due to religious reasons, the body cannot (or should not) be opened and
only minimal invasive alteration of the body can be executed. Considering the probability of
the genotyping success, table 3 provides guidance on the most promising material for human
ID at the first attempt. For example, pars petrosa from the D1 head, blood from a D3 trunk and
toenails from D4 limbs regions, will lead to 100% and 50% profiling success. To keep it simple,
the most promising region and method are trunk and blood, regardless of the decomposition
degree.

Recommendation #5: Consider NGS for identification

The growing demands in human identification requires constant improvements in analyses
methods, as shown for the late NGS application. Here, the study results display the sequencing
technology as a reliable and promising method for improving the ID success of altered human
remain, exceeding CE STR genotyping as demonstrated in a recent study 20129130 Assessment
of tissue-specific differences revealed higher SNP profile completeness with NGS for samples
from the heart, vertebral disc and Achilles tendon, which could be explained by the advantage
of smaller amplicon size. Lowest read counts for dry bone samples Ds could be explained by
lower DNA yields and small sample sizes. Observed genotyping success rates of 100% in blood
and brain samples for both CE- and NGS-based genotyping could also be explained by the
location of the brain in the skull and the higher preservation and stability. For countries who
currently undergo law revisions (or might do in the future) with respect to phenotype and
biogeographic ancestry prognoses, the evaluation of reliable analysis methods are increasingly
important. Our research results show a similar performance power in profile completeness and
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correctness of SNP panel, with both the MiSeq FGx and the lon S5™ systems. However,
caution is advised when interpreting sequencing data of degraded DNA samples. As observed
for one sample of the aorta, high numbers of allelic dropouts can lead to a switch in estimation
of biogeographic ancestry for both sequencing technologies.

Project 111: Supplementary material

Table S1: Mean RFU peak heights samples extracted with the Maxwell® FSC DNA 1Q™ Casework and the
SwabSolution™ Kits from putrefied corpses classified in degrees of decomposition ranging from 0 (unaltered) to
5 (skeletonized). Standard deviation (SD) and confidence interval (Cl) are listed for each degree and extraction

method.
Eﬁgﬁﬁggn Degree ('\F’Q'Efj”) (RSFDU) '\("ngtj‘;‘ 95% CI (RFU)

MWK Do 69 2660 1927 2390 2198, 3124
Dy 9 3708 2650 3132 3153, 4263

D, 195 2829 2450 2279 2483, 3175

Ds 285 3162 3119 2103 2799, 3526

D, 112 2006 1661 1590 1695, 2317

Ds 13 1204 1613 576 229, 2179

SSK Do 60 6059 3922 5895 5046, 7072
Dy 80 4535 3769 3516 3696, 5374

D, 171 3928 3619 2059 3382, 4474

D: 206 3474 4445 2231 2863, 4084

D: 58 2585 3673 1374 1619, 3551
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Fig. S1: Quantification results (ng/ul) of DNA extracted with the SwabSolution™ Kit from tissue samples of
decomposed corpses. Presented is the confidence interval of the mean. Samples are separated according to the
anatomical regions and the corpse’s degrees of decomposition ranging from 0 (unaltered) to 4 (profoundly). Since
the kit is not suitable for bone samples, Ds results are not available. The other missing data represent not available
sample material.
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Fig. S2: Quality sensor (QS) ratio of DNA extracted with the Maxwell® Casework Kit and SwabSolution™ Kit

from tissue samples of decomposed corpses. The results for the different degrees were summed up.
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4. Discussion

4.1 Forensic implications and relevance in routine casework

The herein presented recommendations for improving the DNA-based 1D success of altered
human remains are of significance for forensic casework and should be considered when
selecting and analyzing challenging samples. As the outcomes of project I confirm, genotyping
success rates are influenced by post-mortem alteration and tissue type. Although previous 1Ds
were successful, significantly more cost- and time-intensive DNA analyses were observed for
altered corpses. Additionally, the comparison of published studies showed a distinct variety in
outcomes concerning DNA stability in post-mortem tissues and optimal sampling material,
indicating a great uncertainty in sampling strategies. Since the actual routine casework is
reflected, this observation emphasizes the relevance of the systematic approach conducted in
this study and the necessity of novel guidelines in forensic casework. The thesis outcomes are
directly applicable at the intersection of forensic medicine and forensic genetics, improving the
communication between both forensic fields. Although the interaction is crucial for ensuring a
rapid DNA-based ID success of corpses, it can be impeded by the in project | demonstrated and
personally observed insecurities. Therefore, the specific recommendations on optimal sampling
material according to the condition of the corpse presented in project 111 will overcome those
issues with both traditional and novel technologies as shown in project II.

Forensic medicine

As the first step in DNA-based ID of corpses, tissue samples have to be collected within forensic
medicine casework. However, since the categorization of the corpse’s condition is crucial for
genotyping success, the results of project 11l provide a novel scoring system that can be
implemented prior to sample collection during medico-legal autopsies or ID processes. Usually,
the alteration of decomposed or burnt corpses is assessed but not scored. Hence, the presented
classification is based on visual post-mortem characteristics including skin discoloration or
blisters, which can be easily identified and described by the examiner. By scoring separate
anatomical regions of the body, three tissue types are recommended as optimal sampling
material according to the decomposition degree. As the resulting probabilities of project 111
revealed, blood is the optimal sample for a wide range of decomposition degrees (Do-D4) and
could even be collected from the heart of corpses Ds. However, since several factors such as
potentially missing body parts can limit the selection, multiple tissues are presented as
preferable sources for molecular analyses. Hence, in cases no autopsy is ordered, non- or
minimal-invasive sample alternatives are provided. Especially the recommended sampling of
nails from decomposed corpses D1, Dz and D4 represent a suitable tissue if the body is not
opened. In most cases, skin slippage (particularly the processes of washerwoman’s skin)
facilitates detachment and enables a non-invasive, rapid and easy removal. In general, since
manipulation of the body has to be avoided, sampling should be considered for each case
individually. Therefore, table 3 of project Il in chapter 3.3 represents a first-time overview of
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a wide range of tissue types with descending probabilities of generating complete STR profiles,
which can be used as further guidance.

Forensic genetics

For further analyses in forensic genetic laboratories, the standardized and systematic approach
of comparing a broad variety of tissue types, including the impact of DNA extraction methods,
can reduce time and cost in STR genotyping of challenging samples. As shown in project I,
sampling of less optimal tissue types can lead to PCR failure and associated high numbers of
successive or parallel PCR amplifications. Especially in bone and muscle tissue, the
unexpectedly high numbers of additional DNA analyses highlight the impact of insecurities in
forensic casework. In over 80 % of cases concerning the ID of decomposed corpses, more than
the two required amplifications were conducted. Therefore, by predicting DNA integrity and
the probability of typing success prior to sample analyses, parallel and repeated approaches can
be avoided.
As the results of project I11 demonstrate, the success of DNA profiling can be predicted based
on scoring characteristic post-mortem alterations of the corpse. Since the necessary number of
analyzed loci depends on the case assignments, probabilities of obtaining complete DNA
profiles were opposed for all 22 loci included in the 24Plex kit and the 16 loci of the eESS. For
the ID of corpses, successfully typing of as many loci as possible is important and beneficial
for comparison of, i.e. ante- and post-mortem samples. Thereby, the generated DNA profile,
independent of typing specific loci, can be compared with DNA profiles of possible relatives
or personal items *. Yet, in a majority of European countries, typing of the 16 eESS loci
recommended by the ENFSI is required for reporting profiles to a database. This standardization
and selection of transnational loci enhances the communication across forensic institutes and
facilitates possible cooperation 3. However, no distinct difference in probabilities of
genotyping success was observed compared to 22 loci. Neither the degree of decomposition nor
the extraction method revealed distinct deviations in optimal tissue types.
Beside prognoses of successful genotyping in each tissue, the comparison of purifying- and
non-purifying DNA extraction methods provides valuable information for routine casework.
Usually, purifying methods such as the Maxwell® FSC DNA IQ™ Casework Kit (Promega)
or iPrep™ Forensic Kit (ThermoFisher Scientific) are used for the analyses of challenging
samples. However, the methods are time- and cost-intensive. Contrary to previous expectations,
it was possible to generate sufficient profiles of corpses up to D> with the non-purifying
SwabSolution™ Kit (Promega). Although the method was initially intended for buccal swabs
with high quality DNA 112, the results of project 11l demonstrated no significant differences
compared to DNA vyields of the purifying Maxwell method. Therefore, the method represents a
suitable alternative in case of time shortage and financial restrictions.
Furthermore, beside standard CE-based genotyping, project Il and project 111 evaluated novel
NGS technologies for potential better performances of degraded and inhibited samples. The
presented results provide valuable recommendations, which can be implemented into forensic
casework to improve sequencing success. Since concordant loci are used and the outcomes of
project 11 demonstrate higher profile completeness for degraded samples compared to CE, NGS
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can already be used for enhanced DNA profiling of today’s casework samples. However,
although NGS is a novel technology for forensic purposes and is not yet applied in a majority
of forensic laboratories, the extensive and all-encompassing validation study described in
project I demonstrates valuable guidance for further implementations and handling of samples
from altered corpses. Therefore, the provided data is a valuable basis in case of a potential future
superstition of CE methods by NGS technologies.

4.2  Limitations of the project

The progress of the study was defined by three successive projects comprising standard and
forthcoming technologies, which lead to novel and valuable recommendations for first-attempt
identification of altered corpses. With 949 collected tissue samples resulting in 1698 DNA
extracts, an incomparable high number of tissue types was analyzed and compared. Although
representing an exceptional broad approach on predicting STR genotyping success including
cooperation with associated institutes, the study had to face some limitations and challenges. In
the following sections, drawbacks in sample size and challenges in classifying the corpse’s
alterations as well as laboratory-specific deviations are discussed.

4.2.1 Sample size

When analyzing tissue samples from deceased, a major limitation is the restriction of sample
sizes. Especially the collection of material from altered human remains is highly dependent on
available and suitable cases. Since forensic research relies on the analyses of practice-oriented
and realistic references, no artificial or modified samples could have been considered for the
projects within this thesis. Therefore, the sample size demonstrated in project 11 represents the
casework material that was available during this study period. Due to the expected low numbers
of altered remains, a cooperation with the Institute of Forensic Medicine Bern was established
to increase the number of samples. Nevertheless, despite the inclusion of material collected at
a further institute, the distribution of body types and alteration degrees is uneven. As the results
of project | revealed, the most common type is decomposed corpses Ds. Since cases involving
the examination of bodies found in water and burnt corpses were less frequent, not each of the
classified degrees was available for the study and no recommendation on optimal sample
material could be provided. In particular, dry bone samples of completely skeletonized human
remains were rare. Yet, a larger number would have been preferred since bone samples
represent several challenges in molecular genetic analyses and further information on intra- and
inter-specific variations in DNA stability would have been advantageous. Although the study
would have benefited from a more evenly distributed sample size, it reflects the current situation
in forensic casework. Since decomposed corpses are the most frequent body types, the provided
recommendations are feasible and valuable for future routine work.
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4.2.2 Challenges in categorizations: Why not classify each tissue?

Although decomposition is a continuous process, the progress and extent is subject to numerous
intrinsic and extrinsic factors, leading to highly variable alterations that impede a standardized
categorization of stages 2’. This might be the reason why a majority of previously published
studies about tissue-specific differences in DNA stability did not classify the corpses’ condition
or only used an approximate description of the overall alteration process. Since the sample size
was relatively small in most studies, each corpses’ condition was described individually, and
the results were not subdivided and characterized into degrees but generalized for each analyzed
tissue. Although the progress of decomposition displays a great influence on optimal sampling
strategies, the categorization into degrees, as conducted here in project I, was rarely done.
Therefore, a classification scheme was developed and presented based on previous observations
and methods 2 3% 131133 However, results during the course of this thesis revealed that this
scaling of the whole body is not sufficient. Since the extent of decomposition can differ
throughout the body, a more specific classification of three separate anatomical regions was
chosen during project I11. Usually, the assigning of decomposition stages is used for estimating
the post-mortem interval (PMI) in forensic anthropology. Megyesi et al.** presented a point-
based system based on scoring post-mortem characteristics of the head, trunk, and limbs, which
are summed for a total body score (TBS). During project I11, a modification of such a scoring
system, without a TBS, was developed separately for decomposed and burnt corpses and bodies
found in water. Due to too high deviations observed within one score, the calculation of a
summed up TBS was rejected. The TBS can be used to quantify the progress of decomposition
of the whole body, but it is not suitable for single tissue types. Therefore, the further
presentation of recommendations for three anatomical regions and each degree provides a
significantly more precise and accurate strategy for predicting the optimal sampling material.

However, the question might arise why the alteration of the corpse is classified according to
visible characteristics of three anatomical regions and not of each analyzed tissue type. Since
the corpses’ condition is assessed but not scored during medico-legal routine, a rapid and
practical scoring method is required that can be easily implemented in routine casework. Due
to limited time and resources in examinations of corpses, a classification of each tissue would
be too time- and labor-intensive. Therefore, a simple and rapid scoring into the three major
anatomical regions was performed. As an alternative to visual classification, biomarkers
analyzed for estimating the time since death might be used to assess alterations directly in the
sampled tissue. In forensic toxicology, a large variety of biomarkers could be detected by using
the approach of metabolomics to find potential markers for autolysis and putrefaction using e.g.
nuclear magnetic resonance or mass spectrometry methods. As many biochemical changes
occur after death, metabolic deterioration seems to be suitable for determining decomposition
195,156 However, the changes cannot be used to quantify the extent of decomposition and a
single biochemical marker is not accurate enough. Furthermore, the methods have relatively
low sensitivity, are labor-intensive and are not widely adopted in forensic settings *°.
Accordingly, such an extensive analysis prior to sample selection for DNA profiling is not
suitable and implementable in forensic casework. Therefore, classification based on visible and
easily identifiable post-mortem characteristics represents the most efficient and practical
method for rapidly predicting the suitability of tissue types for further genetic analyses so far.
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4.2.3 Laboratory-specific methods

In forensic genetic casework, laboratory-specific instrumentation and methods display a
limitation and challenge in standardizing processes and workflows. Usually, the used
technologies and standards depend on available resources, qualifications of the staff, and the
preferences of the examiner. Since especially the choice of DNA extraction methods differs
among forensic laboratories, project 11 and project 111 assessed the possible impact on further
DNA profiling by comparing two in-house methods and evaluating a further method of the
cooperating Institute of Forensic Medicine Bern. Thus, recommendations on optimal sampling
material are provided for purifying and non-purifying methods. Therefore, the respective
laboratory has the choice of selecting a method dependent on the case and possible time or
financial restrictions.

Additionally, an increasing number of different commercially available PCR amplification Kits
exits in the forensic community that differ in included STR markers, robustness, sensitivity and
primer sequences for the same loci ** 4% 7. The unique primer positions lead to different
amplicon sizes and therefore variable orders of the same marker in the resulting
electropherogram. Since larger markers tend to dropout first on degraded samples, a comparison
of direct markers performance in different PCR kits is impeded. Furthermore, the number of
multiplexed loci has an impact on amplification rates. An increased number of loci can lead to
lower detection sensitivity, a competition of primer for target sequences and reagents or a lack
of detection of a single target sequence °" %8, Therefore, for standardizing the interpretations,
the performance of specific markers was not evaluated within this study. However, even though
not each available PCR amplification kit can be assessed, the eESS loci and more were included
in this study, which is sufficient for comparison with DNA profiles of potential relatives or a
search in databases.

4.3 New trend in Forensic Genetics: Next Generation Sequencing

With ongoing developments in technologies, the emerging availabilities of novel DNA
sequencing methods do not bypass the field of forensic genetics. Constantly growing demands
and expectations in DNA analyses lead to the forensic scientist being faced with progressively
more challenging casework including highly degraded samples, complex kinship testing or
missing person ID¥°. Since currently used CE methods display several technological
limitations, the trend of molecular genetic analyses is progressively shifting towards DNA
sequencing methods %3 % . Especially the application of the NGS platforms MiSeq FGx
(Verogen) and lon S5™ (ThermoFisher Scientific) is constantly increasing in forensic research
67,160,161 Dye to numerous advantages compared to current CE-based genotyping including the
potential to predict a person’s phenotype and ancestry, NGS technologies might become the
future gold standard in forensic routine casework °’. In the following section, particularly the
emerging possibilities for degraded samples of altered remains will be discussed. However, the
methods are still primarily used in research and are not implemented in many laboratories yet.
Especially the increased research in extended DNA analyses comprising the investigation of
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coding DNA regions raised concerns regarding privacy as well as ethical issues and initiated a
public debate about changes in legislation that are further discussed in section 4.3.2.

4.3.1 Emerging possibilities for degraded DNA samples

Obtaining reliable genotyping results in degraded DNA samples of post-mortem tissues is
challenging and demanding. Although degraded samples may have sufficient DNA quantities,
the fragmentation impedes amplification of required target sites 8. Since degradation is usually
coincidental with locus or allele dropouts, the resulting partial or missing STR profiles impede
interpretation or might even prevent a DNA-based ID 8 12 Comparably, PCR inhibitors
present a minor challenge since today’s commercially available PCR amplification kits are
becoming increasingly resistant and robust or are designed particularly for challenging
samples®™ %2, Hence, the focus lies on improving current methods or developing new
technologies for increasing genotyping success rates of degraded DNA. The emerging
possibilities of NGS show promising approaches to overcome the current technological
limitations. Especially the DNA-based ID of altered human remains can benefit from reduced
amplicon sizes, detection of sequence variations in repeat or flanking regions of STRs and the
potential to multiplex large numbers or STRs and SNPs in a single assay > 114 121. 161 The
outcomes of projects 1l and Il demonstrate the relevance, feasibility and applicability of
advanced NGS technologies in forensic casework. As shown in project 1l, STR typing rates
were higher in artificially degraded blood samples analyzed with the MiSeq FGx compared to
CE. Furthermore, the parallel sequencing of iiISNPs reveals great potential for fragmented
DNA. Beyond presented enhancements in STR typing, the non-traditional SNP markers might
display a greater role in future DNA profiling *°. As the name indicates, the target of
genotyping is a single base, which allows a significant decrease in amplicon size and associated
lower probabilities of dropouts. Although the discrimination power is lower compared to STRs
and no comparison with databases is possible yet, additional SNP genotyping might be helpful
in analyzing degraded samples that lead to low typing success of STR loci °’. However, despite
validating the robustness and reliability in project I, the MiSeq FGx still presents restrictions
in DNA input volumes and drawbacks in sequencing highly inhibited and degraded samples. In
particular, the potential formation of adapter dimers can negatively impact the sequencing
quality 8% 163, By optimizing the library preparation, the outcomes of project Il present valuable
recommendations for improving the sequencing success of samples from altered human
remains. Experiments with additional PCR amplification steps, increased pooling volumes and
reduction of adapter volumes for DNA input concentrations > 31.2 pg revealed an increase in
genotyping success as well as minimized formation of adapter dimers. Therefore, even though
the technology still has room for improvement, NGS demonstrates great potential in analyzing
degraded DNA samples. Current developments in enhancing the PCR1 buffer system by the
manufacturer demonstrate promising approaches to overcome the presented limitations in
future sequencing of challenging samples 164,
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4.3.2 Prospective relevance and challenges of NGS

Emerging technologies of NGS display increasing relevance in forensic casework by providing
new applications and advanced resolution. The in project Il validated Signature Prep Kit
(Verogen) enables the possibility to multiplex over 200 STR and SNP markers. Especially the
potential to sequence aiSNPs and piSNPs for the prediction of phenotype and ancestry presents
a substantial advantage that might assist in future corpse ID or criminal investigations. Thereby,
in case the STR profile of an unidentified corpse might not lead to a match after a search in
databases, the estimation of eye and hair color or ancestry could provide further direction and
increase the informational yield for following investigations 17 1% By evaluating sensitivity,
reproducibility and robustness, among others, in project Il, the outcomes demonstrate the
applicability even in challenging samples. Furthermore, performance testing of the two most
commonly used NGS devices in forensic research settings was enabled by cooperating with the
Institute of Forensic Medicine St. Gallen. A comparison of the MiSeq FGx (Verogen) and the
lon S5™ (ThermoFisher Scientific) in project 111 revealed, with the exception of one highly
degraded sample, concordant phenotype and ancestry tendencies. Reliability and accuracy of
predictions in forensic samples were also stated and validated by Frégau 7.

However, those SNPs are located in coding DNA regions, whose analyses are currently not
legalized in Switzerland %, After many years of research, including the outstanding
achievements of the Visible Attributes Through Genomics (VISAGE) consortium 7, a public
debate about legalization arose. The emerging potential in forensic phenotyping, including the
prediction of skin color, lead to the development of several concern regarding the invasion of
privacy, conflicts with data protection and exaggerated expectations from the public 36 165,
Furthermore, the grouping of persons according to their biogeographic ancestry might be
misleading and could encourage police attention to a specific population subgroup that might
lead to discrimination against minorities %8, Therefore, particularly the communication with
investigative authorities and the reporting of resulting predictions are crucial. Since extended
DNA analyses are not part of routine casework yet, further training of forensic experts is
necessary to ensure correct data interpretation and documentation so that the results will be
transmitted in a comprehensible manner and proper use is ensured ®°. It should always be
considered that phenotyping itself cannot identify a person and the sequencing results so far are
only predictions that may not always have high probative value. Additionally, artificial changes
and alterations of appearance cannot be considered that might cause a mislead in investigations
188 For this reason, amendments in law are discussed and debated in several countries. In
Switzerland, legalization is currently considered and the German parliament and federal council
approved a change in law in 2019. In comparison, the use of extended DNA analyses for
specific cases is permitted by law in the Netherlands and Slovakia since 2019 and practiced in
compliance with existing laws in the United Kingdom, Poland, the Czech Republic, Sweden,
Hungary, Austria, and Spain. 1.

However, the Signature Prep Kit provides two separate DNA primer sets containing 1)
exclusively non-coding regions (DPMA) and 2) including additional coding regions for the
prediction of phenotype and ancestry (DPMB) 3. Thus, the respective laboratory can select the
assay according to the current legal situation. NGS technologies can therefore also be used for
standard STR genotyping if extended DNA analyses are not permitted. Though, NGS represents
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novel and comprehensive DNA sequencing methods, which are not yet translated into routine
casework. The technology still has drawbacks in terms of high costs as well as labor and time
intensity of library preparations. Implementing NGS requires comprehensive validation,
qualified staff, additional training and appropriate infrastructure including computer capacities
and storage %. In particular, the extensive amount of data requires sufficient management,
expertise in bioinformatics and accuracy in interpretation. This might be the reason why some
institutes still hesitate and remain with current CE methods. Additionally, further research is
necessary for improving the sequencing success of challenging DNA samples. However,
although a potential swift from standard CE-genotyping to the use of NGS technologies takes
time and effort, DNA sequencing might supersede current methods in the future. Therefore, the
outcomes of project 1l and Il present a solid basis for further research studies and provide
recommendations for current DNA-based ID of altered remains as well as for a potential
transition from CE to NGS technologies in the future.

80



5. Conclusion and outlook

In conclusion, the thesis aim was reached by providing novel and valuable prognoses on STR
genotyping success rates in an incomparable high number of soft and hard tissue types and
presenting recommendations on alteration-specific optimal sampling strategies leading to first-
attempt DNA-based ID of unidentified human remains.

The three projects performed within this thesis started with project I highlighting the challenges
regarding tissue-specific differences in DNA stability and revealing insecurities and
inconsistencies in tissue selection existing in forensic casework. By addressing limitations in
current CE-based genotyping and advantages of novel DNA sequencing technologies, the
following project Il provides a valuable basis for implementing novel NGS technologies in
routine casework and improves the sequencing success of challenging samples from altered
remains. Finally, the exceptional systematic approach of comparing DNA yields, DNA integrity
and profile completeness in 1698 DNA extracts of 19 tissue types and five alteration degrees
presented in project 11l provide guidance and recommendations that overcome the presented
insecurities in optimal sampling material. Based on the project outcomes, the corpse’s condition
should be classified according to the provided scoring system in three anatomical regions prior
to sample collection. The further presentation of prognoses on genotyping success separated for
22 loci and the 16 eESS loci as well as for a purifying and non-purifying DNA extraction
method allows the examiner to select the optimal tissue types depending on the complexity of
the case.

Those outcomes provide not only valuable data for future corpse ID in forensic casework, but
also for further disciplines including forensic anthropology and analyses of ancient DNA as
well as disaster victim identification scenarios with high numbers of altered human remains. In
particular, by not only covering current gold standard CE-based genotyping but also validating
and implementing novel NGS methods in project Il and 11, the thesis provides future-oriented
recommendations on DNA sequencing success of challenging samples. As the future will most
likely tend towards DNA sequencing, the presented guidance for human ID paved the way for
upcoming implementations and a wider use of NGS in forensic casework. Despite concerns in
data interpretation or invasion of privacy, forthcoming amendments in law might enable a wider
use of extended DNA analyses in routine work including phenotyping, ancestry predictions,
age estimations or facial reconstructions. However, the study results display NGS as a reliable
and promising method that should not only be considered for improving ID of altered human
remains in the future, but also in today’s casework. The possibility to sequence exclusively non-
coding STR loci, when further extended DNA analyses are not permitted by law, enables an
enhanced resolution in samples for not only the ID of corpses, but also for further forensic
applications including the analyses of degraded or low copy numbered trace samples or kinship
testings.

Therefore, based on the thesis outcomes, upcoming research studies can further progress the
prognoses on STR genotyping success rates in tissue samples of altered human remains by
increasing the number of sequenced samples and including further extended DNA analyses.
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