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Abstract

The field of forensic DNA typing has advanced rapidly over the past decades. Nowadays, short
tandem repeats (STRs) are the markers of choice to identify the donor of biological evidence. This
class of genetic variation consists of tandem-like repeated elements that are highly variable in both
the number of repeat units and the repeat sequence. Analysis of length polymorphisms at STR loci
currently almost exclusively relies on PCR amplification and subsequent fragment sizing using
capillary electrophoresis — a “gold standard” with certain limitations as to the resolution of STR
alleles and the separation of artificial products. With the ongoing advancement of DNA sequencing,
the forensic community is exploring the opportunities of massively parallel sequencing (MPS) for
high-resolution forensic DNA typing. MPS enables characterizing biological evidence in previously
unimagined detail. Some attractive features of STR sequencing are the increased discrimination
power compared to that of electrophoretic sizing and the ability to investigate a wide range of
forensic markers in a single assay. Despite these benefits, the application of MPS to routine
casework poses new challenges, which are addressed as part of this dissertation.

The monSTR identity panel was designed in response to demand for a medium-sized STR assay
on the Illumina MiSeq platform, targeting 21 forensically important markers including the highly
discriminative SE33 locus. This thematic complex describes the construction of a custom forensic
MPS-STR assay from primer engineering through the optimization of thermocycling conditions.
The Design of Experiments methodology pioneered in this context enables an experimentally
practical and economically justifiable assay optimization. Statistical modeling revealed valuable
insights that helped to understand the characteristics of the monSTR assay. Joint optimization of
multiple process parameters resulted in a high-fidelity identity panel, characterized by a well-
balanced amplification of STR loci, a high on-target ratio of sequence reads, and reduced formation
of stutter products compared to standard PCR conditions. Developmental validation studies
according to established forensic guidelines have explored the capabilities and limitations of this
novel identity panel. One of the key findings was that monSTR generates complete and reproducible
genotypes even with minute amounts of input DNA. Results have also demonstrated that STR alleles
of multiple contributors in imbalanced mixed samples can be accurately resolved.

The bioinformatics analysis of STR sequencing data represents one of the main bottlenecks for
the integration of MPS into standard casework laboratories. The present thesis introduces a novel
open-access web application, toaSTR, that translates raw sequencing data into genetic profiles. The
software engineering chapter provides insights into bioinformatics algorithms and the composition
of application components. A novel stutter model proposed herein predicts and identifies artificial
products originating from the analytical scheme. Sequence observations are automatically
classified in order to assist in the interpretation of complex samples. Evidence from multiple
studies has shown that toaSTR can precisely identify alleles from data obtained with various MPS
platforms and identity panels. By emphasizing usability and versatility, toaSTR simplifies access to

MPS data analysis for DNA laboratories without in-depth bioinformatics knowledge.



— Kurt Marti (1921-2017)
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Preface

forensics /fo'ren.ziks/ n. [L. forum, public center, forensis, in open court]
Scientific methods used in connection with the investigation of crime.

— Oxford English Dictionary

In ancient Rome, a forum was a public square used for judicial and other businesses. Legal
proceedings, criminal investigations, verdicts of guilt or innocence, and the execution of
sentences were carried out publicly on the marketplace. Nowadays, an important area of
the criminal justice system - the scientific analysis of biological evidence - is located at the
forensic DNA laboratory.

It was in the 1980s that dispersed tandem-repetitive sequences were discovered in
certain regions of human deoxyribonucleic acid (DNA), which could differ from individual
to individual - similar to a fingerprint. Molecular techniques for the examination of these
polymorphic regions laid the foundation to perform human identity testing. Since that
time, DNA typing methods have become a forensic key instrument and found widespread
application: In paternity testing, comparing genetic profiles helps to identify a child’s
biological father; Mass disaster victims may be identified through the genetic profiles of
their relatives; DNA traces found at a crime scene are compared to reference samples from
the victim or suspects in order to reconstruct the course of events. Moreover, DNA testing
not only plays a role in implicating the guilty but also in protecting the innocent. The
Innocence Project’s mission is to exonerate wrongly convicted people by re-testing old
DNA evidence. Innocent prisoners, previously incarcerated for crimes they did not
commit, continue to be released through modern DNA testing. More recently, cutting-edge
DNA sequencing technology has found its way into forensic sciences, improving the
resolution of genetic tests for the successful analysis of challenging samples. Given the
complex data that is generated with these massively parallel sequencing (MPS) methods,
tailored bioinformatics tools play an essential role in transforming sequence data into a

reliable genetic profile.
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This dissertation covers the construction, optimization, and validation of a novel
molecular assay for human identification using MPS. In addition, the present work
describes the development of an innovative web-based software tool for genetic profiling
that promotes the integration of MPS into forensic laboratories. The overall structure of

this thesis takes the form of four chapters:

Chapter 1 provides a brief review of the biology and technology of genetic markers used
in forensic DNA analysis with a focus on short tandem repeats. Critical aspects of assay
development are illuminated, and the Design of Experiments methodology is introduced
as an economic framework for assay optimization. This chapter also presents MPS as an
advanced technique for high-resolution DNA profiling and creates the thematic context of
MPS with the field of bioinformatics for sequence data processing and result

interpretation.
Chapter 2 describes the aims of the present work and derives research approaches.

Chapter 3 summarizes the results of the publications contributing to this cumulative
dissertation and discusses their thematic relationship. Specimen copies of the papers may

be found in the Publications section.

Chapter 4 offers a higher-level overview and gives an outlook on future work.

Parts of this thesis have been previously published (in chronological order):

Ganschow, S., Silvery, J., Kalinowski, J., Tiemann, C., 2018. toaSTR: A web application for forensic
STR genotyping by massively parallel sequencing. Forensic Science International: Genetics
37,21-28 [Status: published]

Ganschow, S., Silvery, J., Tiemann, C., 2019. Development of a multiplex forensic identity panel
for massively parallel sequencing and its systematic optimization using Design of Experi-
ments. Forensic Science International: Genetics 39, 32-43 [Status: published]

Silvery, J., Ganschow, S., Wiegand, P., Tiemann, C., 2020. Developmental validation of the

monSTR identity panel, a forensic STR multiplex assay for massively parallel sequencing.
Forensic Science International: Genetics 46 [Status: published]



1 Introduction

1 Introduction

1.1 DNAtyping methods for human identification

The term DNA typing, or DNA profiling, refers to methods of identifying an individual
through the analysis of patterns arising from differences in genetic markers. Generally,
DNA typing is “a matter of comparing a question sample against a known sample” (Butler,
2010). In crime scene investigations, a known sample from the victim or suspect is
compared to an evidential stain. If both samples share the same genetic type, an
association might be made between the crime scene and the donor of the known sample.
Since two human beings share approximately 99 % of their DNA (The 1000 Genomes
Project Consortium, 2015), it is only one percent of the genome that is of interest to the
forensic scientist. Genetic diversity partly manifests itself in phenotypic traits such as body
height, eye color, and blood type (Rudin and Inman, 2002). More often, however, genetic
differences must be investigated using analytic laboratory techniques.

The field of forensic biology has advanced quickly over the past decades. Prior to DNA
typing becoming an established standard, forensic laboratories utilized several other
serological and molecular techniques in order to characterize biological evidence and
derive an individual profile. Important properties of a forensic test method are sensitivity,
labor time, and the power of discrimination (i.e., the ability to differentiate between
individuals). The following review will briefly discuss historic milestones and current

techniques; however, it does not claim to be exhaustive.

1.1.1 Blood group typing

For many years, blood group typing was the only available forensic test. “Blood groups are
related to antigen polymorphisms present on the surface of red blood cells. These antigens
may be protein, carbohydrate, glycoprotein, or glycolipid differences that exist between
people” (Butler, 2010). The first blood group system to be discovered was the ABO system
(Landsteiner, 1900), which was also the first genetic tool used for distinguishing between
individuals. Following this, several other blood group systems such as Rhesus, Kell, etc.
were identified (Daniels, 2013), however, most are not of forensic importance. The ABO

system discriminates four blood types: A, B, AB, and O. Each type denotes the presence or
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absence of specific carbohydrate antigens present on erythrocytes as well as the associated
immunoglobulin M antibodies present in the serum (Storry and Olsson, 2009). The
oligosaccharide epitopes of the antigens are not coded by genes directly but synthesized
by a set of glycosyltransferases, which are encoded by the ABO gene (Ferguson-Smith et
al., 1976). The A and B alleles encode glycosyltransferases that produce the A and B
epitopes, respectively. The O allele is considered to be non-functional because its protein
product determines no detectable blood group antigen (Goubran, 2009). If an evidentiary
bloodstain is found at a crime scene, the blood type of its donor can be determined using
a rapid and simple serological test with anti-A anti-B antibodies that agglutinate antigen-
positive red blood cells (Goubran, 2009). However, the result is of limited informative
value. Although the frequency of the ABO phenotypes varies among different populations,
either type A or type O is observed about 80 % of the time (Butler, 2010). Given this poor
power of discrimination, ABO blood typing is useful for excluding an individual from being
the donor of the sample, but it might not help to answer the question “Whose blood is it?”

completely.

1.1.2 Analysis of restriction fragment length polymorphisms

With the discovery of hypervariable regions in the human genome, the use of DNA gained
greater attention for human identification purposes. Jeffreys et al. (1985) described
dispersed tandem-repetitive sequences across the genome, “showing multiallelic variation
and correspondingly high heterozygosities”. By using labeled probes targeting these so-
called minisatellites in restriction fragment length polymorphism (RFLP) analysis, the
produced pattern appears as an individual-specific “DNA fingerprint”. Soon it was realized
that this technique holds the potential to revolutionize forensic biology due to its high
power of discrimination (Gill et al., 1985).

The term satellite DNA describes the secondary (or satellite) fraction that forms when
separating sheared genomic DNA in density gradient centrifugation. Due to a different
frequency of the bases adenine, cytosine, guanine, and thymine, large centromeric
tandem repeats show a distinct buoyant density, detectable as a “satellite peak” (Beridze,
1986). Referring to this effect, shorter tandem repeats came to be known as minisatellites,
also termed variable number of tandem repeats (VNTRs). They consist of a repeated
sequence motif of approximately six to 100 bp in length. The observed polymorphisms
mainly derive from allelic differences in the number of repeat units, resulting in alleles of

about 400 to 1,000 bp (Vergnaud, 2000). In the pre-PCR era, VNTRs were routinely analyzed
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using RFLP-based testing. The RFLP process (Kirby, 1993) involves the digestion of
extracted DNA using a restriction enzyme such as Haelll. The DNA fragments are
subsequently size-separated by means of agarose gel electrophoresis and a Southern blot
(Southern, 1975) is performed to transfer the fragments from the gel to a nylon membrane.
Radioactively labeled oligonucleotide probes, which contain the sequence motifs of VNTR
loci, hybridize to the DNA attached on the nylon membrane. Finally, the radioactive
probed membrane is exposed to X-ray film, resulting in a complex band pattern that
suggests a fingerprint, similar to a barcode. Widely used VNTR markers such as D1S7,
D10S28, and D17S79 show Haelll fragment sizes between 0.5 and 12 kb and a repeat unit
length ranging from nine to 38 bp (Smith et al., 2000). Due to a large number of up to 30
alleles per locus, RFLP features an excellent power of discrimination of one in several
million with four loci. However, this labor-intensive method requires relatively large
amounts (> 50 ng) of high-molecular weight DNA (fragment size of 20 to 25 kb), which is a
severe limitation since forensic evidence is often of limited quantity and degraded due to
bacterial, biochemical, or oxidative processes (Butler et al., 2003). If degradation has taken

place, high-molecular bands might be missed, leading to the absence (dropout) of an allele.

1.1.3 PCR-amplified minisatellites

With the advent of the polymerase chain reaction (PCR) in the late 1980s (Mullis et al.,
1986), the forensic community began to embrace DNA testing. PCR has a significantly
improved sensitivity compared to RFLP (Butler, 2010) and enables typing of polymorphic
loci with much less amount of input DNA - even single-cell analysis has been
demonstrated early (Jeffreys et al., 1988). One of the early PCR-based methods for human
identity testing was the amplified fragment length polymorphism (AFLP). Instead of
enzymatic digestion as with RFLP, this technique relies on PCR amplification of a VNTR
region and subsequent size separation of alleles on stained agarose or polyacrylamide gels
(Jeffreys et al., 1988). Alleles of an unknown sample are typed by comparison with an
allelic ladder, that is, an artificial mixture of common alleles for a particular genetic
marker. The most popular forensic AFLP marker, the minisatellite locus D1S80, contains
a 16-bp repeat motif (Kloosterman et al., 1993). Its large allele length range of 18 to 42
repeats (430 - 814 bp) facilitates mixed-sample analysis, however, preferential
amplification of shorter alleles may occur if the sample exhibits a large allele spread (Tully
et al., 1993). Hence, large alleles might be missed. In addition, successful typing of
minisatellites requires intact DNA of high-molecular weight in order to amplify full-length

alleles.
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1.1.4 Shorttandem repeat genotyping

To overcome limitations associated with minisatellites, the forensic DNA field has
transitioned on the PCR-amplification of microsatellites, also known as short tandem
repeats (STRs). In contrast to minisatellites, microsatellites consist of shorter repetitive
elements such as [CA], or [TAGA], (Figure 1). While most microsatellites exhibit mono-,
di-, tri and tetranucleotide motifs, repeats of five or six nucleotides are usually classified
as microsatellites as well (Ellegren, 2004). STR markers have become the mainstay for

identity testing for the following reasons:

» high sensitivity due to PCR amplification (Miiller et al., 2018; Wiegand et al., 1993)

» reduced preferential amplification since the repeat size is smaller than VNTRs
(Schmitt et al., 1994)

= capabilities for analyzing degraded samples with short amplicons (Butler et al., 2003;
Kim et al., 2016)

= excellent discriminatory power of about one in billions or greater with eight to nine
or more STR loci (Butler, 2010); and

= the ability to deconvolve human DNA mixtures (Clayton et al., 1998; Jager et al., 2017)

As with other PCR-based techniques, disadvantages include the susceptibility to PCR
inhibitors, failed amplification due to sequence mutations in the primer-binding region,

and possible contamination with human DNA that does not originate from the sample.

Amplicon size

Forward Repeat region Reverse
primer primer

= 00 m ——=
N\ N\ N\
77 77
Flanking region Flanking region
AGAT

4 bp repeat unit

Figure 1. Schematic of a short tandem repeat (STR) locus. The exemplified repeat region consists of five
tetrameric repeat units with the repeat motif AGAT. Binding sites for PCR primers are placed in conserved
sequences surrounding the repeat stretch. The location of primers determines the length of the amplified
flanking regions. Since the number of tandem repeat units varies among individuals, the overall amplicon
size depends on the actual size of the repeat region as well.
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The standard method for human DNA profiling involves the amplification of STR loci
with fluorescently-tagged PCR primers followed by capillary electrophoresis (CE) size
separation and length-based allele typing relative to a physical allelic ladder (Lazaruk et
al., 1998). More recently, the application of MPS brings modern advantages to forensic
DNA analysis. STR sequencing using MPS provides a higher genetic discrimination power
compared to CE, since alleles of the same length are identified not only by the number of
repeats but by the actual STR sequence on a nucleotide level (Bornman et al., 2012;
Dalsgaard et al., 2013; Gettings et al., 2016). This high-resolution DNA typing promises
benefits for the deconvolution of samples with multiple contributors and the analysis of
partial STR profiles. The next sections are dedicated to the biology behind microsatellites
as well as established and advanced technologies for STR typing.

Other classes of genetic markers that currently play a supplemental role in DNA typing
include single nucleotide polymorphisms (SNPs) providing identity, ancestry, and
phenotypic information (Churchill et al., 2016). Mitochondrial DNA (Holland and Parsons,
1999) enables the recovery of DNA information from challenged sources such as ancient
material and allows the investigation of maternal inheritance. However, a full discussion

of these marker classes lies beyond the scope of this thesis.

1.2 Biology and technology of short tandem repeat markers

1.2.1 Evolutionary dynamics of microsatellites in the human genome

Microsatellites are extremely common in eukaryotic genomes (Buschiazzo and Gemmell,
2006). Depending on how they are counted, there may be more than one million STR loci
present in the human genome (Ellegren, 2004), constituting about three percent of the
genetic information (Lander et al., 2001). Frequent mutations make them highly
polymorphic in the number of repeat units and the repeat sequence (Gymrek and Erlich,
2013). The presence of multiple alleles and the ubiquitous occurrence explain their
usefulness as molecular markers for genome mapping (Collins et al., 2003; Weissenbach
et al., 1992) and population genetics (Bowcock et al., 1994; Sun et al., 2012). Due to their
abundance and diversity in human populations, STRs have become the marker of choice
for forensic DNA analysis (Jobling and Gill, 2004) and the development of national and
international DNA databases (Gill et al., 2015). STR profiling continues to find its
application in human and non-human cell line authentication for biomedical research and
production (Reid et al., 2004) as well as the detection of cellular cross-contamination in

biotechnological applications (Almeida et al., 2016). Moreover, expansions of triplet
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repeats in various regions of their resident genes are implicated in the etiology of several
human genetic diseases, including myotonic dystrophy and Huntington’s disease (Mirkin,
2007). Another phenomenon termed microsatellite instability, that is, deletion mutations
in microsatellite sequences arising from defects in the DNA mismatch repair system
(Peltomaéki et al., 1993), has been associated with hereditary nonpolyposis colorectal
cancer (Lynch syndrome; Boland and Goel, 2010).

The vast majority of STRs are embedded in non-coding DNA (Ellegren, 2004), while
some regional variation indicates a nearly twofold higher density near the ends of the
chromosome arms in human and mouse genomes. The formation of an STR out of non-
repetitive DNA was proposed to be a rare event with complex biology (Ananda et al., 2013).
It requires “nontrivial mutations, such as the arrival of a transposable element or precise
point mutations that destroy non-repetitive gaps between two short repeat stretches”
(Willems et al., 2014). As with minisatellites, microsatellite polymorphisms mainly derive
from variability in length with a strong tendency to mutate in whole repeat unit increments
(Fondon et al., 2012). DNA polymerase-mediated replication slippage (Figure 2) is
generally accepted as the main mechanism for length changes in repetitive DNA, resulting
in the observed length polymorphisms between individuals of a population (Levinson and
Gutman, 1987; Schlotterer and Tautz, 1992). According to this mechanism, during
replication of a repeat tract, DNA polymerase stalling occurs at a pausing site such as a
hairpin-like or quadruplex-like structure, which is formed frequently in STR sequences
(Mirkin, 2007). Upon pausing, the polymerase dissociates from the primer-template-
complex (Viguera et al., 2001). This allows a transient breathing of the replicating DNA
strands. If out-of-register re-alignment occurs, this may either introduce a loop in the
nascent or the template strand. Most slipped-strand loops should be recognized and
correctly repaired by the DNA mismatch repair system (Dexheimer, 2013), resulting in no
length change. If, however, errors are not repaired, re-association of the polymerase and
renewed replication will lead to repeat expansion or contraction by one or more repeat
units, respectively.

The susceptibility of a microsatellite to length mutations, hence the average number of
alleles for a repeat locus, is correlated with the repeat unit size, the number of repeated
units, and interruptions in the repeat sequence (Fondon et al., 2012; Legendre et al., 2007).
Kelkar and colleagues (2010) experimentally determined the in vitro mutability of human
mononucleotide and dinucleotide microsatellites as a function of repeats. While slippage
rates were low at small repeat numbers, a significant shift above background slippage

rates was observed when the repeat tract had a length of at least ten nt. Hence, the authors
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proposed this critical threshold as an experimental definition to qualify a sequence

consisting of short tandem-like repeats as a mutational hotspot and thus constituting a

microsatellite. Similarly, Lai and Sun (2003) estimated the threshold size to be nine repeats

for mononucleotide and four repeats for di- to hexanucleotide units. The rate of length

mutation was found to be positively correlated with the number of repeat units. For

common forensic STR markers, mutation rates of 107 to 10™ per locus per generation have

been reported (Butler, 2010).
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Although being hypervariable spots in the genome, STRs do not expand into enormous
arrays of repeated elements but might shrink and expand in a dynamic process (Ellegren,
2004). How is this circumstance solved? A well-received model of microsatellite evolution
(Kruglyak et al., 1998) considers a balance between length and point mutations: While the
former favors expansions of repeat arrays, the latter break long repeat arrays into smaller
units. To add to the complexity, long alleles are suggested to be biased towards contraction
(Xu et al., 2000), which may offer an explanation for the stationary allele distribution of
STRs and may explain the scarcity of long microsatellites (Lai and Sun, 2003). In addition,
point mutations occurring in a long repeat array can interrupt the repetitive sequence,
leaving two shorter repeat stretches exhibiting lower mutation rates. Point mutations in
the flanking regions have been described to hinder STR expansion as well (Santibafiez-

Koref et al., 2001).

1.2.2 Forensically relevant autosomal STR loci

Markers used for human identity testing are found in non-coding regions of the DNA,
either between genes or in introns (Butler, 2010). Thus, they do not code for phenotypic
variation nor are they known to have any association with a genetic disease. Tri-, tetra-,
and pentanucleotide repeats have become the most popular STR markers because length
increments are large enough to allow resolving closely spaced alleles in electrophoretic
separation. Moreover, longer repeats exhibit a lower tendency to form stutter artefacts
during PCR amplification, a phenomenon that will be discussed in Section 1.3.1.

Over the years, a set of well-characterized STR markers has evolved that are in common
use for routine DNA profiling (Table 1). STR allele frequencies have been established in
the course of population genetic studies (Gettings et al., 2018; Gill and Evett, 1995). Allele
frequencies enable biostatistical evaluation of genotypes to calculate probabilities of
exclusion or inclusion when comparing DNA profiles. Upon building national forensic
databases in the USA and Europe, the forensic community developed a selection of
autosomal core loci enabling consistent databasing and exchange of DNA profiles. In the
United States, the Combined DNA Index System (CODIS) was set up in 1997 and
subsequently expanded with more markers (Hares, 2015; Hill, 2013). In order to harmonize
DNA profiling results between the member states of the European Union, the European

DNA Profiling (EDNAP) * group and the DNA Working Group of the European Network of

L https://www.isfg.org/EDNAP
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Forensic Science Institutes (ENFSI)? recommended a European Standard Set (ESS) of
markers. The ESS was later expanded to minimize the chance of adventitious matches and
to enable the international exchange of DNA profiles (Schneider, 2005). Nowadays, the
core loci of the expanded marker sets used in the USA and Europe are largely identical.
The national German DNA Database (DNA-Analyse-Datei, DAD) was initially composed of
five marker systems and has been expanded to a set of eight loci in 2001. As a unique
feature, the DAD set includes the complex repeat system SE33 (Polymeropoulos et al.,
1992), which is one of the most informative tetranucleotide loci studied to date. Its highly
polymorphic and heterozygous nature exhibits complex length and sequence variation
(Laszik et al., 2001; Rolf et al., 1997; Wiegand et al., 1993), which is useful for the analysis
of mixed samples containing DNA of multiple donors. Variation in the flanking regions of
SE33 adds to the extensive diversity (Gettings et al., 2015b). Conversely, the sequence
complexity of SE33 may lead to an ambiguous demarcation of the repeat region for some
alleles, complicating a consistent length-based and sequence-based nomenclature (Parson
et al., 2016). In an MPS-based population study, Borsuk et al. (2018) observed allele-size
dependent variance in coverage and related this phenomenon to the large size range of
alleles from three to 49 repeats. The resulting heterozygous genotype imbalance makes
the interpretation of sequence data challenging, since an imbalance might erroneously
suggest a mixed sample or may even lead to an allele dropout. Moreover, unstable and AT-
rich flanking regions render this locus a challenge to design multiplex-compatible PCR
primers (Phillips et al., 2018). For genetic gender identification, STR database profiles can
be supplemented with the X-Y homologous locus amelogenin. This gene codes for proteins
found in tooth enamel and occurs on both heterochromosomes (Sullivan et al., 1993). PCR
amplification commonly targets a deletion within intron one of the amelogenin gene
carried by the X homolog. The Y-specific amplicon is six bp longer than the X-specific
product. The amelogenin marker allows designating whether a sample originated from a
male or a female source, which is useful for example in sexual assault cases.

STR markers are commonly subdivided into three categories, depending on their
typical sequence structure (Gettings et al., 2015b): Simple repeats contain repeat units of
identical length and sequence; Compound repeats consist of two or more adjacent simple
repeats; Complex repeats may additionally contain interspersed non-repetitive elements
and repeat stretches of variable length. Occasionally, so-called microvariants are

observed, which contain incomplete repeats arising from mutations in the repeat region.

2 http://enfsi.eu/
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For enhanced legibility, the repeat region sequence is usually expressed in a compressed
notation. Core repeats are written in brackets with a number indicating the respective
repeat count. The naming convention for STRs distinguishes markers that fall inside and
outside of genes, respectively (Strachan and Read, 2018). For instance, the marker THO1 is
located within intron 01 of the tyrosine hydroxylase gene. Other gene-associated loci
reflect the gene name, such as CSF1PO (c-fms proto-oncogene for the CSF-1 receptor) or
FGA (fibrinogen alpha chain). DNA markers that are not part of a gene have identifiers
according to the chromosome on which the marker is located and the order of discovery.
For instance, D13S317 stands for DNA marker, chromosome 13, single-copy sequence,

317" discovery.

1.2.3 STR genotyping by fragment length analysis

Analysis of length polymorphism at STR loci nowadays almost exclusively relies on PCR
amplification and subsequent fragment sizing using capillary electrophoresis (CE). In
order to reach a sufficient power of discrimination, multiple STR loci are simultaneously
amplified through multiplex PCR with fluorescently-labeled primers, followed by
amplicon length detection through size separation (Hill et al., 2011; Wang et al., 2012a).
The separation is based on the electrophoretic mobility of DNA fragments. Longer
fragments move slower through the polymer-filled capillary than smaller fragments.
Allelic profiles at each locus are obtained by laser-induced multicolor fluorescence
detection. The fluorescence intensity in each color channel is plotted against the amplicon
size in an electropherogram (Figure 3), visualizing alleles as peaks. Assuming a single-
person sample and a normal diploid set of chromosomes, one would expect to see one
homozygote allele peak or two heterozygote allele peaks per STR marker, respectively.
Numerical alleles are typically identified by comparing fragment lengths with a reference
from an allelic ladder. In this way, allele lengths of multiple loci are compiled to an STR
profile. A profile consists of a pair of numbers for each investigated locus representing the
number of repeats of the called alleles. The DNA Commission of the International Society
for Forensic Genetics (ISFG) has developed guidelines (Bér et al., 1997) for the numerical
designations of length-based alleles. The naming convention for simple and compound
repeats is straightforward: integer values indicate the number of complete repeat units.
Microvariants are designated by the number of full repeat units separated by a decimal
point and the number of additional nucleotides. Complex repeats may contain internal
sequence variation that is not counted toward the allele designation. Full allele

characterization, however, can only be achieved through sequence analysis. Discordances
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between length-based designations and the actual repeat sequence may arise due to
mobility shifts during CE separation (Fujii et al., 2016). InDels in amplified flanking
regions may also cause discordant results, especially when comparing different primer

sets that may or may not enclose an InDel site (Silvery et al., 2020; part of this dissertation).
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Figure 3. Sample electropherogram from a CE kit with 21 STR markers. Four dye channels are used
(represented in blue, green, black and red). Grey vertical bars indicate the bins of the allelic ladder, a
molecular ruler that enables to correlate fragment sizes to STR allele repeat numbers. Boxed values
represent the called numerical alleles.

Length-based STR genotyping using CE requires STR amplicons to be spectrally and
spatially distributed across multiple dye channels (Figure 3). Newer CE-based assays
support a 6-dye chemistry format containing up to 30 mainly autosomal STR markers
(Ludeman et al., 2018; Westen et al., 2014). Since the multiplexing capability is limited,
analysis of additional markers such as X-STRs and Y-STRs involves iterative testing, which
is complicated by the availability of only minute quantities of DNA material. This
circumstance may force the forensic analyst to restrict the investigations. A complex

spatial layout in each dye channel must ensure sufficient separation of markers to avoid
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overlapping fragment lengths. Therefore, some amplicons are designed longer than would
be necessary to reflect the information of the repeat region only. Amplicon lengths
between 80 and 470 bp are common in commercial autosomal STR kits (Westen et al.,
2014). Consequently, highly degraded samples or PCR inhibited samples, as encountered
in criminal casework or mass disaster investigations, may produce partial STR profiles or
inconclusive results (Hughes-Stamm et al., 2011). In this case, a “mini STR” approach
(Butler et al., 2003) using reduced size STR amplicons may facilitate the analysis of
degraded DNA evidence by improving PCR efficiency.

Several potential sources of error are directly connected with the CE-based procedure
and may complicate STR genotyping. Occasionally, off-ladder alleles occur if a fragment
size falls in between the bins of the allelic ladder or the allele peak is larger or smaller than
the alleles spanning the allelic ladder range (Butler, 2014). These inconclusive results
require manual intervention by a forensic analyst. Off-ladder alleles and discordances
have also been described as a result of SNP-induced secondary structures of the amplified
fragments affecting the electrophoretic mobility (Wang et al., 2012b). Further, technology-
and biology-related issues are known to generate extraneous peaks in the
electropherogram that need to be differentiated from true alleles to obtain a correct
interpretation. Incomplete spectral separation may cause a pull-up or bleed-through of the
signal between dye colors. Pull-up peaks, i.e. an elevated baseline in a neighbored dye
channel, arise of overlapping emission spectra if an over-amplified sample is analyzed
(Clayton et al., 1998). Another phenomenon known as dye blobs occurs when fluorescent
dye molecules detach of the respective primers and migrate independently through the
capillary. Biology-related artefact peaks arise from incomplete 3’ adenylation (Clark, 1988)
by the DNA polymerase used for amplifying STR loci, resulting in a split peak representing
+A and -A products. The most common source of additional peaks, however, are stutter
products (see Section 1.3.1). Caused by polymerase slippage during primer extension,
these events can be recognized as minor peaks that differ from the amplified allele by
multiples of the length of a repeat unit. A stutter percentage interpretational threshold
may be set to distinguish a stutter product from a true allele (Butler, 2014). Nevertheless,
the interpretation of imbalanced mixtures is highly compromised by stutter artefacts,

since stutter peaks may be easily confused with allele peaks of a minor contributor.
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1.2.4 High-resolution STR analysis by massively parallel sequencing

Massively parallel sequencing, also designated as next-generation sequencing (NGS), is a
rapidly evolving technology. As a characteristic property, MPS enables sequencing of
billions of short DNA fragments in parallel (Goodwin et al., 2016). MPS provides a much
cheaper (in terms of cost-per-base) and higher-throughput alternative to sequencing DNA
than traditional Sanger sequencing and has paved the way for sequencing complete
genomes rapidly and at reasonable costs (Metzker, 2010). However, since DNA typing in
its current legal, ethical, and economical setting focusses on selected genetic loci, forensic
investigations typically involve targeted sequencing of PCR-amplified STRs rather than
genome-wide analyses.

MPS surmounts many of the limitations encountered with PCR-CE typing (Table 2).
High-density multiplexing of STR loci and pooling of multiple samples in a single
sequencing run is possible. STR analyses can easily be linked with other forensic markers,
such as SNPs, mtDNA or RNA in the same assay (Bruijns et al., 2018). This enables exciting
possibilities of combining human identification with biogeographic ancestry information
(Hussing et al., 2018), determination of phenotypical traits such as hair, skin, and eye color
(Churchill et al.,, 2016), prediction of the chronological age (Parson, 2018), and
characterization of tissues and body fluids (Zubakov et al., 2015). In addition to the allele
length information gathered with electrophoretic sizing, MPS-derived genotypes ascertain
nucleotide variations in the repeat region and nearby flanking regions (Bersting and
Morling, 2015; Gettings et al., 2015a). As a result, equi-length alleles that differ by
sequence, also termed isometric heterozygotes or isoalleles, can be resolved.

A wide range of sequence variation features in and around forensic STRs have been
identified and annotated (Gettings et al., 2018). To date, the STR Sequence Guide (Phillips
et al., 2018), a curated collection of forensic markers that have been characterized on a
nucleotide level, lists 37 autosomal microsatellites and 41 X- and Y-chromosome
microsatellites. It was demonstrated that the power of discrimination could be improved
by differentiating the nucleotide sequences of alleles that share an identical length (Borsuk
et al., 2018). For instance, a 250 % increase in alleles by sequence versus length has been
observed atthe locus D12S391 (Gettings et al., 2015b). Therefore, MPS is relevant especially
for the deconvolution of complex mixtures, which often exhibit overlapping isoalleles and
stutter products of multiple contributors. From a technical view, identifying STR
amplicons by sequence, instead of spatial and spectral differences as with CE assays,

simplifies the amplicon layout. This enables also typing degraded DNA with a set of small,
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uniform amplicons (Kim et al., 2016). By design, MPS eliminates issues associated with
electrophoretic separation, off-ladder phenomena, and the need for an allelic ladder at all.

While MPS offers a gain in information compared to CE, “the complexity of data
processing and interpretation as well as the vulnerability to external factors like
instrument performance, laboratory environment, staff training and quality levels of
reagents and consumables may increase as well” (Kocher et al., 2018). Fundamental to
massively parallel sequencing is the preparation of a so-called sequencing library that is
compatible with the respective sequencing platform (Head et al., 2014). In the case of
amplicon sequencing, library preparation involves the modification of PCR products with
adapter oligonucleotides that mediate the immobilization of DNA fragments for clonal
amplification and subsequent sequencing reactions. Adapters also contain sample-

specific barcodes as well as binding sites for sequencing primers.

Table 2. Properties of conventional CE-based genotyping versus MPS.

CE MPS

= Separation of amplification products by = Loci can be identified by their DNA sequences
fragment size

= Limited multiplex capability due to the spatial = Greater flexibility in amplicon design. Simplifies
and spectral distribution of amplicons typing degraded DNA with short amplicons

= Genotyping based on length only = Genotyping by length and sequence

= Mixture analysis complicated by stutter = Differentiation of isoalleles and identification of
products and overlapping isoalleles stutter on a sequence level. Potential

improvement to mixture analysis

= Relatively simple and established workflow = More complex library preparation and
sequencing workflow. Immense data requires
bioinformatics solutions for analysis and
interpretation

= Low cost per sample = Pooling of samples needed to reduce cost-per-
sample

Concerning data processing, generating an MPS-STR profile is fundamentally different
from CE data analysis. As the extensive volume of sequence data is too immense to be
handled manually, bioinformatics methods (see Section 1.4) are required to capture the
relevant information and to aid in drawing conclusions. According to Liu and
Harbison (2018), forensic MPS data may typically be processed in three stages. Primary

data analysis includes base calling, computation of quality scores, adapter-trimming and

15



1 Introduction

demultiplexing of barcoded sequences. This step produces an individual FASTQ file
containing the sequence reads for each sample. Primary analysis is usually carried out on
the respective sequencer. In the second step, raw sequence reads are subjected to quality
control procedures such as trimming or filtering of low-quality reads in order to remove
noise, which may otherwise bias the result interpretation. Stage three reflects the actual
genotyping. Informative reads are assigned to STR loci through sequence alignment or
sequence search. The subsequent allele calling step characterizes alleles by sequence and
length and derives an STR profile. The number of reads for each allele (i.e., the allele
coverage) corresponds with the peak height of CE-based methods. Alleles may be
visualized as a stacked histogram (Figure 4), where each bar represents a sequence allele
and the size of each bar indicates the allele coverage. This plot is analogous to an
electropherogram; however, it allows to distinguish isoalleles and stutter by sequence.
The application of MPS to forensic casework also creates nomenclature challenges, as
indicated by the ongoing discussion on the naming convention for STR profiles obtained
with this new technological generation (Gettings et al., 2015b; Parson et al., 2016; Phillips
et al., 2018; van der Gaag and de Knijff, 2015). MPS-derived alleles capture the detailed
nucleotide sequence underlying the repeat region and flanking regions. This complexity
cannot be accommodated by the numerical nomenclature conventions used with the CE
method. Nevertheless, the nomenclature of MPS-derived STR alleles needs to be backward
and parallel compatible with millions of CE-based profiles existing in DNA databases, as
well as forward compatible with MPS data that will be generated with wider adoption of
this technology. Therefore, the DNA Commission of the ISFG proposed a comprehensive
STR nomenclature system (Parson et al., 2016), which unambiguously captures all of the
information present in the STR sequence string. The format includes the locus name, CE-
concordant allele name, chromosome number, human reference genome assembly
version, repeat region coordinates of the reference allele, the STR sequence in compressed
notation, and locations of flanking region variants between primer binding sites and the

repeat region. An example of the proposed format would be

D13S317[CE12]-Chr13-GRCh38 82148025-82148068 [TATC]12 82148001-A; 82148069-T.

Shorthand identifiers for MPS alleles, analogous to numerical alleles used with fragment
analysis, are yet to be defined (Gettings et al., 2019) and would preferably be curated by a
centralized nomenclature commission to avoid ambiguous shorthand allele names

(Phillips et al., 2018).
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Figure 4. Comparison of length-based versus sequence-based genotypes for two exemplary STR loci. Top
row: fragments appear as peaks in an electropherogram after electrophoretic separation. Bottom row:
sequence-based alleles (blue bars) and stutter (yellow bars) obtained with MPS can be distinguished and
visualized as a stacked histogram. Locus D12S391: With CE, the peak of length20 might be (mis-)
interpreted as a raised stutter peak of allele 21. However, MPS reveals that in position 20 a minor allele
overlaps with N-1 stutter of the major allele 21. In position 19, N-1 stutter of the minor allele confirms this
constellation. Locus D8S1179: CE would suggest a heterozygous allele of length 8 with N-1 stutter in
position 7. However, two isoalleles of length 8 and their corresponding N-1 stutters of length 7 can be
separated by sequence.

With regard to the actual implementation of MPS in forensic laboratories, the Illumina
MiSeq platform and the Ion Torrent PGM/S5 sequencers are the preferred instruments
(Alonso et al., 2017). At the time of writing, the Verogen (formerly Illumina) ForenSeq DNA
Signature Prep Kit is the largest commercially available panel (Caratti et al., 2015; Xavier
and Parson, 2017). It includes the expanded CODIS and expanded ESS core STR loci. This
panel consists of two different primer mixes. The larger primer mix B of the ForenSeq kit
contains 58 STRs and amelogenin as well as 94 identity informative SNPs, 56 ancestry
informative SNPs, and 22 phenotypic informative SNPs for the inference of geographic

ancestry and externally visible traits. Even though the highly polymorphic marker SE33 is
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included in the primer mix (Borsuk et al., 2018), it is not officially supported and analyzed
by the proprietary data analysis software Verogen UAS (Kocher et al., 2018). Previous
publications described various applications of this assay including developmental
validations (Jager et al., 2017; Kocher et al., 2018) and population-scale studies (Gettings et
al., 2018; Novroski et al., 2016). The ForenSeq system is not compatible with the RUO
(research use only) version of the Illumina MiSeq sequencer but requires the dedicated
Verogen MiSeq FGx Forensic Genomics System. Another drawback of this large MPS panel
containing up to 231 markers is the lack of flexibility. It is not possible to modularize the
analysis of markers according to the requirements of the present case, as all markers are
targeted in the same amplification. In order to reach sufficient depth of coverage also for
low-performing markers, the capacity to pool multiple samples in a single sequencing run
is limited. The Promega PowerSeq Auto/Mito/Y system combines 22 autosomal STRs and
amelogenin with 23 Y-chromosomal STR loci and the mtDNA control region (Faith and
Scheible, 2016). This panel is largely consistent with CODIS and ESS core loci, however, it
does not include the SE33 marker (Zeng et al., 2015a). PowerSeq has previously been used
for MPS-based population studies (Gaag et al., 2016; Gettings et al., 2016) and paternity
testing (Silva et al., 2018). Although developed by a commercial manufacturer, currently
this panel is only available as a prototype version. Since Promega does not provide
bioinformatics support, users must rely on open-access genotyping tools or commercial
software for STR profiling. To date, only two in-house developed identity panels for the
MiSeq platform have been published. The multiplex kit presented by Kim et al. (2016)
targets 17 autosomal STRs and amelogenin. It uses small amplicons to improve STR
profiles from degraded DNA samples. However, the selection of markers is not fully
compatible with the European markers, since the polymorphic and highly discriminative
STR systems D12S391 and SE33 are missing. The monSTR identity panel (Ganschow et al.,
2019; part of this dissertation) covers 21 European core loci, including SE33, with medium-
sized amplicons. The analytical performance of this assay was systematically optimized
and thoroughly validated (Silvery et al., 2020). Data generated with the monSTR panel can
be readily analyzed using the toaSTR genotyping software (Ganschow et al., 2018; part of

this dissertation).
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1.3 Developing an MPS-STR identity panel

The probability of identical alleles in two individuals decreases with the number of
polymorphic loci examined (Butler, 2014). To generate an STR profile with a sufficiently
low random match probability (i.e., the probability that a person sampled randomly from
the population would have a particular STR profile), genotypes of multiple STR markers
have to be combined. However, as biological evidence may be limited in quantity, it would
not be appropriate to analyze each STR marker separately. Throughout this dissertation,
the term identity panel will refer to a laboratory assay supporting the simultaneous
analysis of multiple STR markers by means of MPS. The input of an identity panel is a
purified DNA sample. The panel itself includes the co-amplification of STRs via multiplex
PCR (mPCR), the preparation of amplification products for sequencing (library
preparation), and the actual sequencing reactions. Subsequently, sequence data obtained
with an identity panel will be subjected to bioinformatics software that transforms the

sequence data into an STR profile (Figure 5).

Input Identity panel Output
_ ! ¥ /7 i
| i CATC
4 ! . AGACAGAC
| 4 CO AGACAGAC
A | / ! GCTA [AGAC],
DNA sample i Multiplex PCR Library preparation Sequencing i Sequence data Bioinformatics

__________________________________________

Figure 5. Components of a forensic identity panel. Genetic targets (blue, green) in a purified DNA sample
are simultaneously amplified using multiplex PCR. A sequencing library is prepared by attaching adapters
(red, yellow) to the amplification products. Sequencing of libraries yields extensive sequence data, which
are transformed into an STR profile by bioinformatics software.

Each component in this process, as well as interactions between components, may
impact the genotyping result. The following subsections will address important aspects of
developing a robust identity panel. The topics discussed here include the construction of
an mPCR assay and the optimization of critical assay parameters. In this context, the
Design of Experiments methodology will be introduced as a systematic approach for
optimizing multifactorial systems. Moreover, this section is dedicated to library
preparation strategies and sequencing modes as well as the developmental validation of

forensic DNA typing methods.
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1.3.1 Multiplex PCR construction

mPCR (Chamberlain et al., 1988) is a variant of PCR in which two or more genetic loci are
simultaneously amplified in a single reaction. Multiplex assays contain two to several
hundreds of primer pairs targeting multiple regions of DNA. This technique is
fundamental to conventional CE-based methods (Butler, 2005; Gibson-Daw et al., 2018;
Shafique et al., 2016) as well as advanced STR typing using MPS (Fordyce et al., 2015; Kim
et al., 2016; Miiller et al., 2018; Zeng et al., 2015b). mPCR has greatly enabled forensic DNA
analysis since very small amounts of DNA material may be used to obtain genotypes from
multiple markers. The amount of labor required is reduced by typing loci in parallel rather
than sequentially. Additionally, multiplex amplification can reveal false-negative
reactions since each amplicon provides an internal control for the other amplified
fragments (Edwards and Gibbs, 1994).

A multitude of parameters can affect the performance of an mPCR assay (Wallin et al.,
2002). In order to achieve a robust amplification, an assay must be developed with overall
consideration for the target region sequences, intended fragment sizes, dynamics of
primers and other reaction components, and thermocycling conditions. Primary

performance goals of a forensic multiplex assay would include:

(1) specific amplification of targeted loci, while allowing a certain tolerance for

genotypic variation like mutations in primer binding sites;

(2) balanced amplification, hence equal depth of coverage across all loci (interlocus

balance) and locus alleles (heterozygous balance); and

(3) low tendency to form stutter products and other technical artefacts (also referred
to as noise) due to polymerase slippage and polymerase error, which can confuse

result interpretation.

1.3.1.1 The stutter phenomenon

A phenomenon called stutter is a commonly encountered artefact in PCR-based
analysis of STR loci and therefore will be briefly explained here. Amplification of repetitive
DNA is highly prone to slippage errors during the polymerase-mediated replication (Bovo
et al., 1999; Schldtterer and Tautz, 1992). The mechanism that is proposed to introduce this
noise during 7n vitro amplification is also considered to be the principle of microsatellite
instability 7n vivo (see Section 1.2.1). In the extension phase of PCR, the polymerase may

fall off the primer-template complex, followed by dissociation of the template and nascent
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DNA strands. Subsequent re-alignment of the double-strand may result in the insertion
(forward stutter) or deletion (backward stutter) of one or more repeat units, respectively.
Stutter has been well characterized for CE (Ludeman et al., 2018) and MPS (Aponte et al.,
2015) workflows. Stutter products are most commonly observed in the N-1 position (loss of
one repeat unit) of the parent allele being amplified and may be seen more rarely in the
positions N-2 (loss of two repeat units) and N+1 (gain of one repeat unit) (Walsh et al.,
1996). Therefore, the in vitro ratio of backward stutter was suggested to be much higher
than that of forward stutter (Shinde et al., 2003). Due to the higher analytical sensitivity of
MPS, sequence data occasionally display stutter products at the N-3 position (Aponte et al.,
2015), while these fragments typically remain indistinguishable from background noise
with CE.

The stutter ratio, i.e. the stutter percentage relative to the parent allele, has been
attributed to the locus, the repeat motif, and the repeat structure (Aponte et al., 2015). It
has been hypothesized that the stutter ratio increases with the number of repeat units and
correlates with the length of long uninterrupted repeat stretches within an STR region
(Brookes et al., 2012; Klintschar and Wiegand, 2003; Walsh et al., 1996). The longest
uninterrupted stretch of repeats and adaptions on this concept have shown to be a better
predictor of stutter ratio than the overall length of an allele (Bright et al., 2014; Gaag et al.,
2016; Vilsen et al., 2018). Woerner et al. (2017a) investigated the effect of flanking region
variation on the stutter ratio and found that the flanking haplotype may substantially
impact the stutter ratio as well. Commonly, N-1 stutter ratios < 15 % are observed with CE,
while values for MPS are similar (Gaag et al., 2016) or slightly higher (Aponte et al., 2015).
Pentanucleotide loci exhibit lower levels of stutter than tetra- or trinucleotides (Bacher and
Schumm, 1998).

Stutter products originating from the analytical scheme can be easily confused with
true alleles and vice versa. In unbalanced mixtures, alleles of a minor contributor may
overlap with stutter positions of the main component, which can complicate the
interpretation of an STR profile. As stutter products are indistinguishable from biological
alleles by length or by sequence alone, multiplex development should aim at finding
reaction conditions where stutter formation is minimized (Olejniczak and Krzyzosiak,
2006; Seo et al., 2014, 2012; Walsh et al., 1996). Additionally, recent bioinformatics methods
(Ganschow et al., 2018; part of this dissertation; Hoogenboom et al., 2017) attempt to

predict the formation of stutter in order to filter or label corresponding reads in MPS data.
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1.3.1.2 Primer engineering

Careful primer engineering is essential for the successful amplification of targets.
Multiplexing does not only require a high target specificity, but also a set of primers with
compatible thermodynamics properties including melting temperature, length, and GC
content. Primers are designed to bind at unique, conserved sequences surrounding the
repeat regions. Specific binding is important to avoid amplification of similar sequences.
A mismatch in the primer binding site can result in a strongly imbalanced amplification
or an allele dropout, depending on whether the mismatch occurs in the center of the
primer or at the 3’ end, respectively (Butler, 2014). Moreover, each additional primer in
the reaction increases the potential of undesired primer interferences such as the
formation of dimers, which deplete PCR reagent resources. Upfront bioinformatics can
assist in the correct selection and validation of primers prior to expensive wet-lab
experiments. Detailed sequence information for flanking regions of commonly used STR
loci is available (Phillips et al., 2018). Automated primer designing tools (Kalendar et al.,
2017; Shen et al., 2010) have been developed, which support the specific needs of multiplex
primer design, such as handling multiple templates simultaneously.

Amplicon lengths need to be compatible with the read lengths supported by the
respective MPS platform. Likewise, amplicons must not only include the pure repeat tract
but also upstream and downstream flanking regions in order to uniquely assign reads to
STR loci. Moreover, “including flanking regions in the analyzed sequence data will add to
allelic diversity, could aid kinship interpretation, and may improve our understanding of
mutational events and evolutionary history at these loci”, as Gettings and colleagues
(2015a) stated. Restrictions on primer placement due to unfavorable GC content or
repetitive elements within the flanking regions may additionally require larger amplicon
sizes. Recent increases in read length of MPS machines provide a greater degree of
flexibility in amplicon design and allow to generate informative reads also for STR systems
with larger alleles. The leading benchtop MPS platforms, Ion S5 (Thermo Fisher Scientific)
and MiSeq (Illumina), currently reach read lengths of up to 600 bp (Illumina, 2018; Thermo
Fisher Scientific, 2018).

When a set of candidate primers was designed, it is appropriate to perform a computer
simulation of PCR. For a given set of primers and a DNA template, 7in silico PCR, also
termed virtual PCR or ePCR, predicts which PCR products are synthesized (Yu and Zhang,
2011). Several tools are available, including Primer-BLAST (Ye et al., 2012), UCSC In-Silico
PCR (Kuhn et al., 2013), and MFEprimer (Qu et al., 2012). MFEprimer is suitable for mPCR
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analysis, accepting a large number of primers to check against a whole-genome sequence.
The program determines which (cross-primer) amplicons are likely to be amplified and
estimates the formation of primer-dimers and hairpin structures. Although greatly
enabling economic primer design, 7n si/ico PCR does not replace in vitrotesting of primers
to verify an efficient and specific generation of PCR products. Empirical titration of primer

concentrations is essential to obtain a balanced co-amplification of targets.

1.3.1.3 Reaction components

Along with primer design, also the PCR protocol plays an important role in a successful
mPCR. The choice of DNA polymerase and buffer components greatly influence the yield,
specificity, uniformity of amplification, and stutter formation (McPherson and Maoller,
2006). During PCR, the DNA-dependent DNA polymerase catalyzes the synthesis of DNA in
5 — 3’ direction. Several recombinant thermostable enzymes are available and have been
extensively tested (McInerney et al., 2014; Olejniczak and Krzyzosiak, 2006). Polymerases
can be compared in their properties such as speed (extension rate), fidelity (error rate),
proofreading (3’ — 5’ exonuclease) activity, strand displacement (5 — 3’ exonuclease)
ability, and processivity. Here, processivity is a “measure of the affinity of the enzyme for
the template strand. The stronger the interaction, the more processive the polymerase
should be, and so the more DNA it will synthesize before it dissociates from the template”
(McPherson and Meller, 2006). It has been predicted that higher processivity would allow
less opportunity for a dissociation of the DNA strands during PCR and thus reduce the
formation of stutter (Murray et al., 1993). However, the obtained results turned out to be
inconclusive. Wu et al. (1998) used a mixture of 7aq (Thermus aquaticus) DNA polymerase
and Pwo (Pyrococcus woesei) DNA polymerase to amplify trinucleotide loci and explained
the reduced occurrence of stutter products by the higher processivity of this polymerase
blend. Conversely, the archaeal DNA polymerase KOD (Pyrococcus kodakaraensis),
showing a processivity > 300 (Takagi et al., 1997), revealed an even higher generation of
stutter (Giese et al., 2009; Seo et al., 2014). In a study investigating various polymerases
with or without proofreading activity, Walsh et al. (1996) found that none of the enzymes
resulted in an improved stutter ratio compared to 7ag, which provides no proofreading
capability. This appears plausible, since slipped strand mispairing, which causes stutter,
still preserves a correct base pairing and should not trigger the excision of an incorrect
nucleotide. Similarly, Olejniczak and Krzyzosiak (2006) described comparable stutter
ratios across a wide spectrum of polymerases that differ in processivity, fidelity and

nucleolytic activity. Viguera et al. (2001) reported that polymerases exhibiting a high

23



1 Introduction

strand displacement activity, such as phage ®29 DNA polymerase and Bst (Bacillus
stearothermophilus) DNA polymerase, can proceed through a hairpin that is formed upon
strand mispairing and does not slip. However, these enzymes are no viable solution to
prevent stutter since their thermolability is not compatible with the thermal conditions of
PCR. The Deep Ventzx DNA polymerase with increased strand displacement activity is
thermostable but was found to cause substantial allele dropout (Seo et al., 2014).

When many loci are simultaneously amplified, all products compete for the same
limited pool of supplies such as enzyme and nucleotides. The dNTP requirement generally
increases with the number of amplicons in the multiplex (Edwards and Gibbs, 1994).
Hence, a proportional MgCl, concentration needs to be maintained since the DNA
polymerase requires magnesium ions as a cofactor (besides the magnesium bound by the
dNTPs and the DNA molecules). Varying the concentrations of polymerase, dNTPs, and
Mg** ions have been found to significantly influence the total yield of PCR products but did
not affect the stutter ratio (Olejniczak and Krzyzosiak, 2006).

The use of adjuvants in the reaction buffer may improve the amplification efficiency by
inhibiting the formation of secondary structures, stabilizing the polymerase/template
complex, or blocking matrix proteins, respectively (Henegariu et al., 1997). Popular
enhancers are glycerol, formamide, betaine, bovine serum albumin (BSA), and dimethyl
sulfoxide (DMSO). While formamide and betaine did not affect the stutter ratio in a study
of Olejniczak and Krzyzosiak (2006), the presence of DMSO in the PCR mix has been linked
to an increase in the formation of stutter products. Adding single-stranded DNA binding
protein (SSB), which can inhibit polymerase slippage by stimulating the strand
displacement activity (Viguera et al., 2001), and the macromolecular crowding agent

polyethylene glycol (PEG) were found to decrease the stutter ratio (Seo et al., 2012).

1.3.1.4 Thermocycling conditions

In a comprehensive evaluation of thermocycling conditions, Henegariu et al. (1997)
described the annealing temperature to be one of the most critical parameters influencing
the specificity and efficiency of primer binding to the template DNA. Lowering the
annealing temperature compared to singleplex conditions was required for co-
amplification in multiplex mixtures. A potential risk for unspecific amplification at lower
annealing temperatures may be overcome by the concurrent situation in the multiplex
reaction. Generally, extension times should be increased with the number of loci amplified
in the reaction to allow for the complete synthesis of amplicons by the DNA polymerase

(Edwards and Gibbs, 1994). However, long extension and annealing times could again

24



1 Introduction

provide an opportunity for unspecific amplification. Concerning the formation of stutter,
Seo et al. (2014) hypothesized that “a lower temperature annealing/extension step reduces
the likelihood of slippage during PCR by enhancing the stability of the DNA
polymerase/template DNA complex or the stability of the generated duplex”. A
suppression of stutter products was also observed with a decreased denaturation
temperature of 85°C (Olejniczak and Krzyzosiak, 2006). A possible explanation for this
might be that incompletely synthesized DNA strands will not dissociate upon polymerase
slippage. Thus, the opportunity for slipped-strand misalignment will be reduced when the
polymerase re-associates with the template strand and continues the synthesis of the new
strand. While a certain number of PCR cycles are required to reach sufficient analytical
sensitivity, extensive PCR cycling has been associated with an increased frequency of
stutter products: The study of Bovo and colleagues (1999) supported the hypothesis that
stutter is generated from improper reannealing of PCR products after PCR efficiency has

reached the amplification plateau.

1.3.2 Library preparation and sequencing modes

The library preparation strategy may greatly influence genotyping results. Previous
studies found that the downstream allele detection capability is dependent on “sequence
read length and library preparation chemistry” (Warshauer et al., 2013), as unfavorable
methods relying on enzymatic fragmentation may produce sequence reads that only
partially span the repeat region and hence are not informational for allele calling. The
effect of purification methods between library preparation steps has also been
investigated (Riman et al., 2017). Column-based DNA purification was reported to increase
the number of locus and allele dropout events as compared to the bead-based cleanup
method. Commonly, adapter oligonucleotides are attached to the DNA fragments either
by PCR or by enzymatic ligation. For example, Verogen ForenSeq libraries are generated
in a two-step PCR procedure utilizing the Illumina Nextera XT DNA Library Preparation
Kit (Illumina, 2015): During mPCR, forensic targets are co-amplified using primers with
target-specific sequences and universal overhangs at the 3’ ends; After bead-based clean-
up, a second PCR is performed to attach barcoded adapter sequences using primers that
are partially complementary to the overhangs introduced in the first PCR. Alternatively,
library preparation with the Promega PowerSeq kit uses a combination of target-specific
mPCR and enzymatic ligation of Illumina TruSeq adapters to the amplicons (Faith and
Scheible, 2016). With the two-PCR procedure, it is possible to perform directional

sequencing of only one DNA strand, while with the ligation strategy both strands will be
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sequenced because the orientation in which adapters ligate is not directional (Bersting and
Morling, 2015). In the latter case, the genotyping software must account for reverse-
complementary reads to respect the strand notation when reporting sequence alleles.
Choosing the right sequencing mode is also important to obtain reliable genotyping
results. [llumina sequencers support both single-end and paired-end sequencing. With the
latter mode, DNA fragments are sequenced from both ends, generating a pair of reads
representing both extremities of the same DNA fragment. Depending on the read length
and fragment size, the 3’ ends of paired reads overlap and can be assembled to an
informative consensus sequence fully spanning the STR (Bushnell et al., 2017). However,
merging of reads containing repetitive 3' ends, as commonly encountered when
sequencing STRs, may lead to erroneous or ambiguous consensus sequences or loss of
sequence data and hence jeopardize the allelic profile (Ganschow et al., 2018). Single-end
sequencing eliminates the need for read merging but requires long reads completely
spanning even long alleles. This comes at the cost of lower base qualities towards the end
of a read due to the accumulation of base call errors (Edgar and Flyvbjerg, 2015). ForenSeq
libraries are sequenced by de facto single-end sequencing of 351 x 31 nt (Illumina, 2015).
Here, the forward read fully encompasses the amplicon, while the reverse read probably
only serves as a control to correctly assign the corresponding fragment to the respective
locus. Promega PowerSeq sequence data takes the form of 251 x 251 nt reads and requires

merging to generate a consensus of overlapping read pairs (Gaag et al., 2016).

1.3.3 Conventional strategies for assay optimization

The complex interactions among the components of an mPCR assay make it unlikely that
a standard set of reaction conditions would be optimal for all situations (Henegariu et al.,
1997). Thus, every newly developed PCR application requires optimization of critical
process variables to achieve good analytical performance. To add to the complexity, mPCR
is only one element of an identity panel; The overall performance of an identity panel must
be measured and optimized in its entirety to account for the interferences between mPCR,
library preparation, and sequencing. For instance, it can be assumed that mPCR primer
concentrations and size-dependent purification steps during library preparation will
interact and exert a strong effect on the sequencing coverage of differently sized STR
amplicons.

Surprisingly, except for the adjustment of primer concentrations, optimization of
global assay conditions was not discussed in recent articles introducing in-house

constructed MPS-STR identity panels (Kim et al., 2016; Zhao et al., 2016). However, several
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reports on general mPCR development and optimization have been published. Henegariu
et al. (1997) provided an extensive discussion of factors that can influence the
amplification, including times and temperatures of the PCR protocol, the concentration of
reaction components, and the use of adjuvants. mPCR optimization was understood as a
step-by-step protocol of practical solutions to overcome commonly encountered
problems. The report describes sequential alterations of cycling conditions and reaction
components aiming at a higher yield of PCR products and an increase of reaction
specificity. However, such a sequential optimization approach makes it difficult to
understand potential interactions between factors. Butler (2005) suggested a development
strategy focusing on careful primer design and empirical testing. The protocol included
the evaluation of primer functionality and specificity as well as performing sensitivity and
consistency studies. Optimization of thermocycling conditions was not subject of the
discussion. Edwards and Gibbs (1994) emphasized the importance of similar reaction
kinetics of all primers in the set. It was recommended to develop PCR conditions
separately for each primer pair. The authors proposed to add primer pairs sequentially to
the multiplex assay and to alter the conditions as necessary. However, choosing an
appropriate experimental design would allow optimization of multiple PCR parameters in

parallel rather than serially.

1.3.4 Introduction to Design of Experiments

While every scientific experiment has a design, some designs are more thoughtful than
others. With well-designed experiments, it takes less time and effort to gain knowledge
about the system under investigation. When designing a series of experiments to
investigate the effect of multiple input variables (referred to as factors) on the process
performance (response), there are essentially three possible approaches.

Under the common, intuitive approach, the investigator modifies one factor at a time
(OFAT). It requires varying the first factor until an optimum is found while every other
factor is held constant. Based on the optimal value of the first factor, the remaining factors
are changed separately in successive experiments (Figure 6A). This method involves only
a few measurements; as an example, an optimization series of three factors each at four
discrete levels would include 4+3+3=10 experiments (replicates not included). However,
this design does not thoroughly explore the space of possible solutions and will most likely
lead to locally optimal target values, while the global optimum has not been reached

(Pilipauskas, 1999). Moreover, it neglects interactions between factors: An isolated factor
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may exert only little influence on the process performance, but rather the interaction of
two factors may strongly affect the response.

The matrix method sequentially tests every factor against all levels of all other factors
in order to include all possible combinations (Figure 6B). Such an exhaustive approach
allows interactions between factors to be estimated but is inefficient because the number
of experiments increases dramatically if many factors are considered. The optimization
series exemplified above (three factors at four levels) would require 4°=64 separate runs,

excluding replicates.

A) OFAT B) matrix

Q) full factorial D) fractional factorial

E) RSM F)

response

Figure 6. Illustration of the Design of Experiments methodology. A - E: graphic representations of common
experimental designs with three factors x1, x2, and x3. F: exemplary response surface plot obtained from a
response surface methodology (RSM) design. The response surface represents a map of the system that
allows locating optimum conditions depending on variable settings of two factors (for visualization
purposes, other factors are fixed at constant levels).
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The Design of Experiments (DOE) methodology suggests a more sophisticated approach
for the optimization of a multifactor process such as mPCR. Briefly, DOE is a framework
that assists in planning, performing, and analyzing systematic trials. Statistically designed
experiments enable the investigator to rapidly identify significant factors and complex
interactions. DOE provides a steep learning curve in the sense that informative data can
be obtained with a minimum number of experiments and minimal cost (Haaland, 1989).
Experimental design techniques have been used successfully across numerous industries
and research fields. First described by Fisher (1947) in an agricultural application, DOE
has been widely used in the field of engineering (Ilzarbe et al., 2008). Other reports include
applications in biotechnology (Rao et al., 2008; Toms et al., 2017) and molecular biology,
where DOE was employed for the optimization of cDNA microarrays (Wrobel et al., 2003),
PCR (Boleda et al., 1996; Caetano-Anollés, 1998; Cobb and Clarkson, 1994), mPCR (Dobay
etal., 2009; Villarreal Camacho et al., 2013), and real-time PCR (Celani de Souza et al., 2011;
Wadle et al., 2015). Application has also been found in the optimization of PCR conditions
for microsatellite genotyping in a medical (Niens et al., 2005) and forensic context
(Ballantyne et al., 2008). The work of Ganschow et al. (2019; part of this dissertation) was
the first study to describe DOE methods in the context of MPS.

Depending on the objective of the study to be performed, different types of geometric
experimental designs are available (Eriksson, 2008). Two-level full factorial designs are
constructed by testing every factor at two levels. They are useful for early phase screening
applications to determine the most significant factors that influence the system. The
experimental space covered by a full factorial design in three factors at two levels would
be a cube with the experiments on its eight corners (Figure 6C). It also includes a replicated
center point in between the high and the low levels to assess the replicate error. The
orthogonality of this design (i.e., each factor can be evaluated separately) allows for the
estimation of linear effects as well as factor interactions (Altekar et al., 2006). However,
such designs can lead to large numbers of experiments as the number of factors increases.
Fractional factorial designs (Figure 6D) are balanced subsets, or fractions, of the full
factorials. They are suitable for studies where four or more factors are of interest, such as
in a robustness test or a screening study. Fractional factorial designs offer a reduction in
measurements and still can analyze main effects and lower order interactions (Toms et al.,
2017). Once the investigator is confident that the most influential factors and their relevant
ranges were identified, an optimization study may be performed to locate the optimum
conditions within the experimental region. Appropriate composite designs are part of the

response surface methodology (RSM) design family (Figure 6E). They combine factorial
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designs with additional levels to obtain precise information about the magnitude,
influence, and interactions of the factors, including second-order (quadratic) effects
(Eriksson, 2008). RSM designs provide a map of the system in the form of a response
surface plot (Figure 6F), allowing to explore the behavior inside the limits of the region
studied. Data from these experiments are used to build a predictive mathematical model.
The model is a polynomial equation that describes a relationship between input factors
and measured response values, weighted by regression coefficients. It allows for the
approximation of responses based on a given combination of factor levels and thus is a
useful tool to maximize the information available from limited or expensive experimental

data (Box, 1954; Box and Draper, 1987).

1.3.5 Developmental validation of forensic DNA typing methods

Forensic DNA analysis methods supporting law enforcement have far-reaching
consequences in convicting the guilty and protecting the innocent. In light of the
complexity of DNA typing procedures, which have been outlined in the previous sections
of this thesis, it is immediately evident that a rigorous quality assurance (QA) strategy is
crucial to maintain the effectiveness of investigative tools and to provide confidence in the
results obtained. QA measures must be in place at various levels, from the forensic DNA
community level down to the individual laboratory and the interpretation of results
(Schneider, 2007). At the laboratory level, one QA measure is the validation of the
performance of methods and instruments. According to the DIN EN ISO/IEC 17025, which
is the standard for forensic laboratory accreditation, validation is defined as “the
confirmation by examination and the provision of objective evidence that the particular
requirements for a specific intended use are fulfilled” (International Organization for
Standardization, 2018). In other words, the primary purpose of validation is to demonstrate
the robustness, reliability, and reproducibility of a newly implemented or modified
method for forensic DNA testing.

There are two stages of validation — developmental and internal (Butler, 2011).
Developmental validation is commonly performed by the manufacturer of a novel method
such as an identity panel for detecting STR alleles. It involves the acquisition of data to
determine the conditions and limitations of this method. Internal validation studies are
conducted by an individual laboratory to verify that a previously developmentally

validated procedure performs as expected.
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There is no standardized validation strategy utilized across forensic DNA laboratories.
However, numerous coordination efforts exist on a local, national, and international level
(Butler, 2011). As one of these institutions, the Scientific Working Group on DNA Analysis
Methods (SWGDAM) ? issues the Validation Guidelines for DNA Analysis Methods. These
guidelines are widely accepted in the forensic community and have been periodically
revised to adapt to evolving technologies and laboratory practices. The most recent version
(Scientific Working Group on DNA Analysis Methods, 2016) also addresses MPS technology
and bioinformatics validation topics. SWGDAM guidelines suggest including the following
major points for the developmental validation of an STR identity panel and encourage

peer-reviewed publication of developmental validation studies.

Characterization of genetic markers

Determine and document the genomic location of the genetic markers, the mode of
inheritance, polymorphisms in relevant population groups, and the technological
basis for their detection. Collections describing the properties of well-established STR
markers (Gettings et al., 2017; Phillips et al., 2018) greatly simplify this task.

Species specificity
Determine whether any genetic information from non-target species interferes with
the DNA typing system. Typically, non-human DNA from domestic animals (such as
dogs, cats or horses), bacteria, and yeast is tested, which may be prevalent in samples

recovered from crime scenes (Iyengar and Hadi, 2014).

Sensitivity study

A dilution series of reference DNA with known genotype is conducted to determine
the assay’s dynamic range. DNA input quantities for PCR amplification between
1,000 pg and 7.8 pg might be evaluated. Here, the lower limit corresponds
approximately with the genome content of a single human cell (6 pg). Low-level DNA,
which is common in casework samples, increases the risk of allele imbalances and
dropout due to stochastic effects during PCR (i.e., random sampling and

amplification).

® https://www.swgdam.org/
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Repeatability and reproducibility

Demonstration of the precision and accuracy of results when the analysis is
performed by the same (repeatability) or among different (reproducibility)
operator(s) and detection instrument(s). This study evaluates the comparability and
consistency of results across both distance and time, which is essential for example to

match a sample from a suspect with a previously sampled DNA database record.

Case-type samples

A DNA testing laboratory often encounters biologic material that contains PCR
inhibitors or degraded DNA. The ability to obtain reliable DNA profiles from case-type
situations is demonstrated using representative existing samples of closed forensic

cases or mock specimens.

Mixture studies

STR identity panels should be able to detect mixed-source samples originating from
more than one individual. Typically, two-person mixtures of known genotypes with
minor contributions ranging from 50 % to 1 % are prepared. Mixture studies are
performed to recover the major and minor contributor profiles and to estimate the

limit of detection (LOD) based on read frequencies of the minor component alleles.

PCR-based studies

PCR-based studies involve varying thermal cycling conditions, the concentrations of
primers, and other critical reagents to provide the required degree of specificity and
robustness. Relevant aspects of mPCR assay development and optimization have been

described earlier in this chapter.

MPS-specific studies

Assessment of effects related to the MPS instrumentation and library preparation, if
not covered by general MPS operating procedures. Suggested studies address the
effects of indexing of samples with subsequent demultiplexing, the extent of pooling
libraries and the corresponding LOD, as well as the possibility of intra-run signal

crosstalk and inter-run sample carryover.
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Bioinformatics

Bioinformatics tools used for allele calling and result interpretation require validation
prior to implementation. It is up to the forensic laboratory to determine the
appropriate validation studies depending on the function and application of the

software to identify its reliability and limitations.

In addition to the major studies outlined above and summarized in Table 3, developmental
validation may also include stability studies assessing the effects of various substrates and
environmental insults on DNA samples. A general examination of PCR products may
evaluate the coverage balance of heterozygous alleles and characterize the observed

stutter products (Butler, 2011).

Table 3. Short description of SWGDAM guidelines for the developmental validation of DNA typing methods.

Study Purpose

Genetic markers Characterization of genetic markers

Species specificity Assess non-target species interferences
Sensitivity Determine the dynamic range

Repeatability and reproducibility Comparability and consistency of results
Case-type samples Compatibility with case-type specimen

Mixture Usability for mixture deconvolution

PCR Amplification robustness and specificity

MPS Library preparation and sequencing effects
Bioinformatics Reliability and limitations of genotyping software

1.4 Bioinformatics analysis of STR sequencing data

1.4.1 Short-read sequence data poses a challenge to analyze STRs

Genotyping microsatellite repeats is fundamentally distinct from calling single nucleotide
variations or InDels in non-repetitive regions of the genome. Due to the highly
polymorphic nature of STRs including structural and sequence variations, the source DNA
is virtually never identical to the reference. Nonetheless, allele calling must comply with
a restrictive nomenclature to ensure the comparability of results obtained with different

technologies. As Highnam et al. (2013) described, “microsatellite genotypes must be
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assigned in terms of allele length or the number of sequenced bases within a read
separating the non-repetitive flanking boundaries aligned to the reference, irrespective of
intervening alignment gaps”. Therefore, profiling STR variation poses remarkable
challenges to mainstream aligners such as BWA (Burrows-Wheeler Aligner; Li and Durbin,
2009) or Bowtie (Langmead and Salzberg, 2012). First, STRs with similar or identical repeat
sequences are found at many locations in the genome; hence, reads containing repetitive
sequences can create ambiguities in the alignment and are susceptible to misplacement,
which in turn can bias the interpretation of results (Treangen and Salzberg, 2011). Second,
allelic expansions and contractions present a gapped alignment problem. Since
mainstream aligners exhibit a trade-off between runtime and the tolerance to InDels (Li
and Homer, 2010), high accuracy can lead to lengthy processing times. Third, non-
informative reads that only partly encompass the repeat tract may confound downstream
allele calling. Reads used for allelotyping must span the entire repeat tract plus some
unique flanking region to confidently determine the allele length. Fourth, mainstream
variant calling pipelines are not suitable to characterize complex repeat sequences and
typically do not report repeat genotypes at all. Last, they fail to account for stutter noise.
Stutter products are incorporated in PCR-based library preparation and require modeling
of noise patterns in order to distinguish erroneous amplicons from true alleles and prevent

over-interpretation of MPS data (Gymrek and Erlich, 2013).

1.4.2 Landscape of open-access tools for MPS-STR genotyping

Software developers have been working on various strategies to process MPS-STR data and
provide added value over mainstream variant callers (Liu and Harbison, 2018). Generally,
current tools fall into two categories: alignment approaches and sequence-search tools.
Briefly, alignment-based tools perform a selective alignment or realignment of flanking
regions to map STR loci, while sequence-search tools search for anchor sequences located
in the conserved flanking regions. Open-access genotyping tools most relevant to forensic

practice will be introduced in the following.

1.4.2.1 Alignment-based STR genotypers

lobSTR (Gymrek et al., 2012) is a command-line tool for STR profiling in whole genome
sequencing datasets. Using an indexed reference genome and a BED file containing the set
of markers to be analyzed, lobSTR aligns informative reads that fully encompass an STR
locus. The alignment step internally uses extensive code parts of the short-read aligner

BWA (Li and Durbin, 2009). Non-repetitive flanking regions are mapped to the genome to
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characterize the STR position and length. Allele calling is based on the number of repeat
units between the two flanking regions. To assess the genotype likelihood, lobSTR employs
a locus-specific logistic regression model of stutter noise during the allele calling step. The
model is built on haploid training data specific to the respective MPS platform and involves
various sequence features including the size of the repeat motif, the length of the repeat
tract, GC content of flanking regions, and SNPs within the STR (Gymrek et al., 2012). Alleles
are given as the number of base pairs length difference from the reference sequence (e.g.,
-12/+4). Therefore, it is necessary to convert lobSTR results to the standard forensic
notation given in the number of repeat units by using an external tool. Results do not
provide information on the allelic sequence and structure. Visualization of STR sequence
alignments is not part of the software. In a comparative analysis of STR profiling tools,
Anvar et al. (2014) observed increasingly problematic alignments of lobSTR with more
complex STR loci such as D13S317 and THO1l. Although lobSTR performed well on
genotyping diploid samples in the abovementioned study, the algorithm failed to
accurately detect samples with multiple contributors. Considering the described
limitations and the lacking graphical user interface (GUI), lobSTR may be regarded rather
as part of an analysis pipeline than a full-featured tool for routine forensic genotyping.

RepeatSeq (Highnam et al., 2013) calls microsatellite repeat genotypes from an existing
alignment of whole-genome resequencing data. Reads that map to a repeat region
reference sequence are locally realigned around predefined repeat regions, while reads
that do not completely span the repeat region are discarded. RepeatSeq estimates the
probability of candidate genotypes using an empirically derived Bayesian error model
based on findings of a previous population-scale analysis of microsatellite repeats in
D. melanogaster (Fondon et al., 2012). RepeatSeq was designed to be integrated into
existing genotyping pipelines and does not support a GUI or visualization of results.
Therefore, it appears less suitable for direct routine application.

The command-line tool STR Viper (Cao et al., 2014) accepts an alignment in BAM/SAM
format and analyses repeat-length variation from paired-end sequence read data. It uses
the distance between linked reads that align in the flanking regions to infer an expansion

or contraction of repeat units.

1.4.2.2 Sequence-search STR genotypers

Current legal requirements, as well as statistical, computational, ethical, economic and
technical validation issues, prohibit genome-wide analyses for forensic purposes (Amorim

and Pinto, 2018). As the aforementioned alignment-based tools are meant to work on
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whole-genome data, they may be out of scope for forensic casework. Alignment tools may
map a read to an incorrect location due to sequence similarities between repeat stretches
of different STRs (Liu and Harbison, 2018). In response to these limitations, a class of
sequence-search tools has been developed. Their allele calling algorithms are
conceptually similar (Anvar et al., 2014; Bailey et al., 2017; Friis et al., 2016; Lee et al., 2017;
Van Neste et al., 2014; Warshauer et al., 2013). Briefly, target reads are captured using an
approximate pairwise search for anchoring sequences in the 5‘- and 3*flanking regions.
Anchors are placed near or adjacent to the repeat region and have a typical length of 12 to
25 bp. Allowing inexact matches accounts for single-base substitutions within the anchor
sequences. However, bioinformatics-related dropouts or null alleles may be experienced
when an allele that is present in the raw sequence data is not detected due to InDels or
multiple SNPs in the anchor sequence. If a read encompasses the full repeat region and
contains these anchor sequences in the correct orientation, it is assigned to the respective
locus. Next, the repeat sequence is isolated and clusters are generated based on sequence
similarities. Read counts of a cluster can be used as a measure of allele abundance similar
to fluorescence intensities in CE-based methods. Sequence alleles may be reduced to a
length-based notation for comparison with results obtained by CE. However, sequence-
search tools may not include the full amplicon length for genotyping, resulting in InDels
not being counted as they would with CE if an InDel resides outside of the region that is
spanned by the anchors.

STRait Razor (Warshauer et al., 2013) has been one of the first implementations of the
sequence-search approach and is constantly further developed (Woerner et al., 2017b).
This command-line application outputs alleles, sequences, and read counts to plain text
files. Conversion of results into final genotypes requires copy-pasting the primary output
into Excel workbooks provided with this software package. Only known STR sequence
alleles are properly converted into the compressed bracketed notation using a lookup table
that maps raw repeats and formatted sequences. Result interpretation such as automatic
identification of stutter products is currently not supported by this software.

MyFLq (My-Forensic-Loci-queries) (Van Neste et al., 2014) consists of a MySQL database
backend that holds known reference allele sequences, and a Python frontend to provide
an interface for adding reference alleles to the database and analyzing MPS data. The
program requires building a reference allele database from a training data set. For each
reference allele, the algorithm determines the variable repeat region of a particular locus.
Reads from an unknown sample are assigned to a locus based on the presence of both PCR

primers as anchor sequences. Subsequently, identical reads are grouped, and alleles are
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called by comparison of the repeat region of a group to the reference database. MyFLq has
been implemented as a standalone web application and Illumina BaseSpace application,
respectively. The GUI allows setting abundance thresholds and provides locus statistics
such as frequencies and sequence similarities of allele candidates to help identify
erroneous sequences.

The Python script STRInNGS (Friis et al., 2016) identifies sequence reads with STR loci
in BAM or FASTQ files. It automatically reports STR allele names by length (i.e., the length
of the repeat region divided by the length of the repeat unit) and parses the repeat
structure. Additionally, STRinNGS can detect variation in the flanking regions. The current
version of this software does not support locus-specific analytic thresholds or stutter
modeling.

FDSTools (Hoogenboom et al., 2017) is a software package that is able to characterize
and correct noise in the sequence data caused by stutter or other errors during
amplification and sequencing. Allelic variants are detected and characterized by the TSSV
tool (Anvar et al., 2014), which relies on adjacent anchor sequences flanking a target locus.
With FDSTools, allele-specific noise profiles are built from a database of reference
samples. The stutter model seeks to fit a polynomial function representing the relationship
between the number of consecutive repeat units and the stutter ratio. When applied to
case samples, read counts are corrected according to the previously generated error
profiles. Results are visualized in interactive graphs.

Altius (Bailey et al., 2017) is a web application hosted in an AWS (Amazon Web Services)
cloud environment. The implementation as a cloud-based service supports data storage,
on-demand auto-scaling of computational power, and a multi-layered security concept
including user access control, firewalls, and encryption of data. Altius allows for cross-
platform usage since the user interacts with this software through browser-based GUI.
Sequence allele nomenclature follows current ISFG considerations. However, Altius
supports neither stutter modeling nor classification of results.

The web application SeqMapper (Lee et al., 2017) requires a user-supplied list of
reference alleles. Mapping of reads to STR loci is supported at different levels of stringency
such as matching the complete reference allele sequence, the repeat sequence or the
primers. SeqMapper reports alleles matching the database and reads that could not be
called for any of the analyzed loci. Result visualization, formatting of sequences, and

stutter modeling are not supported by this software.
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MPS will play an emerging role in forensic science and casework. STR sequencing enables
characterizing biological evidence in previously unimagined detail. However, some issues
still need to be addressed to encourage greater acceptance of MPS within the forensic
community. Currently, there exists no economic identity panel for routine STR sequencing
on the Illumina MiSeq platform. Available commercial kits may appear over-sized for
casework applications and require dedicated instrumentation. Moreover, the independent
analysis of forensic MPS data remains an obstacle for DNA laboratories with limited
bioinformatics expertise. Flexible open-access tools exist, however, drawbacks regarding
their usability become apparent from a routine perspective.

This dissertation has two primary aims, each of which includes important milestones.
First, the present work seeks to develop a bioinformatics tool that translates STR
sequencing data into genetic profiles. It is intended to provide a user-friendly, platform-
independent, and panel-agnostic software that generates valid genotypes and assists in
data interpretation. This task includes the development and implementation of algorithms
for locus-specific allele calling and sequence formatting according to the current forensic
nomenclature. The herein proposed stutter model attempts to predict and identify the
most frequent stutter variants and to enable automated allele calling.

The second objective of this dissertation is to develop a medium-sized human identity
panel for the Illumina MiSeq platform, targeting 21 forensically important STR markers
including the highly discriminative SE33 locus. This is the first work to introduce the
Design of Experiments methodology for the optimization of critical process parameters of
an MPS-STR assay. Systematic optimization studies aim at maximizing the assay
performance with respect to amplification specificity, interlocus balance, and reduction
of technical artefacts such as stutter. Developmental validation studies according to

SWGDAM guidelines explore the capabilities and limitations of this novel identity panel.
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This chapter presents an overview of the three individual research articles contributing to
this cumulative dissertation. Along with a discussion of their thematic relationship, this
chapter provides supplementary information which has not been published yet. The first
article, “toaSTR: A web application for forensic STR genotyping by massively parallel
sequencing”, introduces a novel software for STR genotyping based on MPS data. The
toaSTR software stands out from other forensic tools: Its intuitive handling simplifies
access to bioinformatics data analysis. The innovative sequence-based stutter model
predicts and identifies common stutter variants and assists with the interpretation of STR
profiles. Multiple studies evaluate the usability of this software by analyzing sequence data
generated with both commercial and custom identity panels on common MPS platforms.
Manuscripts two and three are titled “Development of a multiplex forensic identity panel
for massively parallel sequencing and its systematic optimization using Design of
Experiments” and “Developmental validation of the monSTR identity panel, a forensic STR
multiplex assay for massively parallel sequencing”. They cover the developmental process
of a custom forensic MPS-STR assay - monSTR - from primer engineering through the
optimization of thermocycling conditions and the validation of the assay performance
according to established forensic guidelines. The highlight of this thematic complex is the
transfer of the Design of Experiments methodology to MPS, enabling an experimentally
practical and economically justifiable assay optimization. For bibliographic information
and specimen copies of each paper, the reader is kindly referred to the Publications

section of this thesis.

3.1 toaSTR—aweb application for MPS-STR genotyping

As an accredited laboratory for forensics and routine diagnostics, LABCON-OWL attaches
great importance to the validity and practicability of analytic procedures. Already at an
early stage of implementing MPS for DNA testing in our laboratory, it was realized that
mastering data analysis will be one of the major challenges to promote the routine
application of STR sequencing. As was pointed out in the Introduction, existing open-
access STR genotyping tools did not satisfy our functional and usability requirements since

these programs often feature counterintuitive command-line interfaces and lack
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assistance in data interpretation. Additionally, a European survey on forensic applications
of MPS (Alonso et al., 2017) emphasized the need for an overarching software that is
independent of the MPS platform. Therefore, the first aim of this thesis was to develop a
novel software for analyzing STRs in MPS data, which addresses these limitations. The
following sections describe the developmental process of the toaSTR genotyping software
(Ganschow et al., 2018), including the specification of software requirements and the

resulting software design.

3.1.1 Software requirements specification

The toaSTR software is intended to facilitate DNA typing based on targeted MPS data,
integrating the analysis of STR loci and the reporting of STR profiles. This software is a
novel approach to simplify the access to MPS-STR genotyping for investigators who do not
want to delve deeper into bioinformatics. The developmental goals included to deliver a
user-oriented, versatile tool with routine use in mind. Data analysis should support
sequence data of popular MPS platforms generated with both commercial and in-house
identity panels. Genotyping results are to be prepared for optimal human readability and
fast interpretation without neglecting the high information density of MPS data. The
reported STR profiles must be consistent with current nomenclature considerations to
enable comparison with results obtained with parallel or orthogonal technologies.

In a typical use case of this software, a forensic geneticist has performed targeted
sequencing of STRs on the Ion Torrent or Illumina platform and wants to transform the
sequence data into STR profiles. The typical user has no extensive bioinformatics
background and is therefore not able or willing to use neither CLI-based nor overly
complex genotyping tools. The processed sample might originate from the DNA of a single
donor or multiple contributors. Sample preparation may have been carried out using a
commercial identity panel like the Verogen ForenSeq kit or an in-house developed custom
panel. Demultiplexed sequence data are available either in FASTA or FASTQ format. The
user provides the data file and selects the STR loci to be analyzed. After the software has
analyzed the sequence data, the user reviews the called length-based and sequence-based
alleles for each locus. Finally, the STR profile is stored in the sample management system
or can be exported for external processing.

Based on this use scenario, a software requirements specification (SRS) was derived
(Table 4), which documents the requirements that must be met by the software to be
developed. The structure of the SRS is adapted on the IEEE Recommended Practice for
Software Requirements Specifications, IEEE 830-1998 (IEEE, 1998).
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Table 4. Software requirements specification for the toaSTR genotyping software.

Functional FO1  Accept and validate short read sequence data in FASTA and FASTQ formats
requirements F02 Enable annotation of samples: sample name, notes, sample type
FO3  Sample management enabling to create, read, update, and delete analyses
FO4  Ability to configure custom sets of STR loci representing the composition of
the identity panel to be analyzed
FO5 Use asequence-search approach to map reads to STR loci
FO6  Detection and extraction of the repeat region of mapped reads
FO7 Reference-free, length-based analysis of alleles with the assignment of CE-
concordant numerical allele designations
FO8 Reference-free formatting of the repeat region in a compressed bracketed
notation
FO9  Reporting of genotypes according to the current nomenclature
considerations of the ISFG
F10 Automated classification of observations as allele, stutter, or artefact (i.e.,
non-stutter noise)
F11  Ability to analyze single-source and multiple-source samples without a priori
assumptions on the sample composition
F12 Interactive histogram plots to visualize sequence observations and display
annotations
F13  Option to export results in CSV, XLSX, and PDF formats
Non-functional NO01 Compatibility with sequence data of lon Torrent and Illumina platforms
requirements N02 Compatibility with sequence data of commercial and in-house identity
panels with minimum requirements on the amplicon design
NO3  Cross-platform compatibility with various operating systems such as
Windows, Mac OS, Ubuntu, Android, and iOS
N04 Cross-device accessibility of the software, supporting different device
classes such as desktop computers, tablets, and smartphones
NO5 Intuitive usability of the software with a guided workflow and a graphical
user interface (GUI)
NO6  Multi-user environment with private data compartments for every user
NO7  Security concept ensuring the integrity and privacy of data
NO8 Administration layer for managing the application and its users
N09 Provide the software to the forensic community as an open-access tool
Database D01 Persistent storage and retrieval of input data files
requirements D02 Persistent storage and retrieval of marker panels and genotyping results
Performance P01  No extensive user-supplied computation power required
requirements P02 Typical analysis speed <1 min per 100k reads
P03  Non-blocking application flow, i.e. the software is not blocked while an

analysis is in progress
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3.1.2 Software design description

The software requirements stated in the previous section were translated into a
representation of software components, interfaces, and data. This software design
description (SDD) is based on the IEEE Standard for Software Design Descriptions 1016-
2009 (IEEE, 2009) and presents how the software is structured to completely satisfy the
aforementioned requirements. Superscript identifiers (F00,N00 D00 P00) refer to the

specifications given in Table 4.

3.1.2.1 Core algorithms design

The analytic capabilities of the toaSTR software build upon four main bioinformatics
algorithms. These include (1) detection of STRs in MPS data, (2) repeat region analysis,

(3) stutter modeling, and (4) classification of observations.

STR detection

The STR detection algorithm implemented in toaSTR follows the sequence-search
approach F05, STR detection is based on the approximate search of a pair of recognition
elements (REs) in FASTA or FASTQ 01 formatted reads (Figure 7). These locus-specific REs
are oligonucleotide sequences located in the upstream and downstream flanking regions
directly adjacent to the repeat region. Lengths of REs vary between 14 and 25 nt, depending
on the sequence complexity of the flanking regions and the typically amplified flanking
lengths in commercial identity panelsN0L N02_ The string-matching algorithm allows
inexact matches (i.e., a Hamming distance of d; = 2 per RE) in order to tolerate nucleotide
substitutions while maintaining a high locus specificity. If a pair of REs are found on a read
in a fixed order, the repeat region between them is extracted F% and validated based on the
presence of the core repeat motif(s) of the respective STR locus. This validation step
removes irrelevant sequence data that may have been captured due to flanking sequence
homology. If necessary, reads are reverse complemented to meet forensic sequence
orientation conventions. In the next step, reads with identical repeat regions are clustered
to so-called observations. This neutral term, observation, will be used throughout the
process as long as the cluster has not been classified. Low-abundant observations with a
cluster size lower than the user-defined analytical threshold are considered background
noise arising from stochastic amplification or sequencing errors. These observations are

discarded to prevent the over-interpretation of data. The default analytical threshold of ten
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reads is in consistence with the findings of Young et al. (2017), who considered this value

generally sufficient for STR loci sequenced with a coverage of up to 5,000 reads.

STR detection
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Figure 7. toaSTR detects STRs via locus-specific recognition elements (REs). REs have a certain mismatch
tolerance while incomplete fragments are discarded. Repeat regions are extracted and validated for the
presence of the core repeat motif. Identical repeat regions are clustered and form an observation. toaSTR
characterizes the observation by length and coverage and formats the sequence.

Repeat region analysis

toaSTR’s de novo analysis of the repeat region eliminates the need for a curated database
of reference allele definitionsF07. Therefore, both known and previously unknown
sequence variants can be identified without a lookup table mapping raw sequences to

formatted alleles. For length-based analysis of an observation, the CE-concordant length £
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is computed by the integer division ¥ = (L — N)/U, with L: observation’s length, N: number
of non-STR associated bases within the repeat region, and U: repeat unit size. The
remainder of this calculation is the microvariant nomenclature of incomplete repeats.
A suffix is attached to the length designation if more than one observation with the same
length is found at one locus (e.g., 8b). Sequence-based analysis involves bracketing F08, F09
of the observation’s sequence by writing core repeats in brackets with a number indicating
the repeat counts (e.g., [AGAT]s [AGAC];). The formatting algorithm traverses along the
observation’s sequence and condenses repeat stretches to blocks by counting consecutive

repetitions of the repeat motif(s) known for the respective locus.

Stutter modeling

The prediction of typical stutter variants and stutter frequencies aims at distinguishing
artificial alleles from biological alleles. Stutter products appear during PCR-based
amplification of STRs due to strand slippage-induced alterations of repeat numbers. The
novel stutter model implemented here attempts to be an approximate computational
representation of the biological stutter generation mechanism. It has previously been
shown that the stutter ratio correlates with the length of long uninterrupted repeat
stretches within an STR region (Brookes et al., 2012). Therefore, the stutter model assumes
that sequence patterns of the most frequently observed stutter variants can be derived
from the longest uninterrupted stretch (LUS) and the second-longest uninterrupted stretch
of repeats (SLUS, only in compound or complex STRs) of the parent observation. In
essence, the model computes virtual stutter variants for each observation found at a locus.
Sequences of virtual stutter variants are built by contraction or elongation of the LUS
and/or SLUS by one or more repeat units, respectively (Figure 8). The model considers
forward, backward, and isometric stutter positions commonly described in MPS-STR
analysis (Gaag et al., 2016; Young et al., 2017). The anticipated coverage for each virtual
stutter variant is a function of the parent observation’s coverage and the stutter threshold
(ST) of the respective STR locus. STs are user-defined stutter ratios that are entered when
a panel (that is, a user-defined collection of STR markers to be analyzed) is created. The
commonly observed likelihood for stutter generation in different positions is reflected by

a linear, quadratic, or cubic modulation of the ST term (Figure 8).
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Figure 8. Schematic of the toaSTR stutter model. The algorithm considers nine virtual stutter variants in
positions -2, -1, 0, and +1 relative to an observation’s length N. Subscript numbers in the variant schemes
(blue color) indicate the gain or loss of repeat elements in the longest uninterrupted stretch (LUS) or
second-longest uninterrupted stretch (SLUS). Complex STRs may contain interspersed shorter repeat
stretches and non-repetitive sequences (indicated by “...”). The virtual stutter coverage is a function of the
stutter threshold (ST) for the respective STR system and the parent observation’s coverage (Cov), as
displayed at the arrows.

Classification of observations

The outcome of the stutter modeling process is again the basis for the classification of
observations F10, F11_ Tf a virtual stutter sequence matches with an observation actually
being present in the sample, this virtual stutter amount is added to the so-called expected
stutter value for the respective observation. The observation’s class (allele, stutter, or
artefact) is determined by comparing the expected stutter value and the observation’s
coverage, as described in Table 5. Additionally, the user-defined calling threshold protects
against classifying low-abundance observations as true alleles, similar to a stochastic
threshold known from CE-based methods (Scientific Working Group on DNA Analysis
Methods, 2010).
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Table 5. Classification of alleles, stutter, and artefacts in toaSTR. The class depends on the relation between
the observation’s coverage (Cov), the expected stutter (ES) value and the user-defined calling threshold
(CT).

Class Relation Description

Stutter Covs<ES Stutter is a product of PCR polymerase slippage in repetitive
regions of biological alleles

Allele Cov>ES, Cov>CT Alleles are considered correctly amplified and sequenced DNA
template of biological origin

Artefact Cov>ES, CovsCT Artefacts typically represent sequencing errors or low-level
somatic mutations

3.1.2.2 Implementation

The toaSTR software has been implemented as a web application (web app) written in the
Perl programming language and uses web technologies such as HTML, CSS, and
JavaScript N03, N04 The production version of toaSTR is hosted by LABCON-OWL and has
been made available to the forensic community as an open-access tool N0%, The software is
deployed as a FastCGI application running on an Apache web server, accessible through

the internet: https://toastr.de/.

3.1.2.3 Architectural design

toaSTR was built using the Perl Catalyst * web application framework. Catalyst follows the
Model-View-Controller (MVC) design pattern (Gamma, 2001), allowing to employ a
modular program structure that partitions the system into separate components. Each
component has own responsibilities assigned to it, such as the interaction with a data
store, flow control through the application, and the presentation of content (Figure 9).
Following this concept, modifying code in one component (e.g., how data is retrieved from
a database) does not affect code in another component (e.g., how data is displayed to the
user). Therefore, the application decomposition improves the readability, maintainability,
and expandability of the program code.

The model is responsible for providing data, typically from a relational database. It
performs CRUD (Create, Read, Update and Delete) operations on the data. toaSTR uses the

DBIx::Class ° engine as an object relational mapper (ORM) to access and modify content

* https://metacpan.org/pod/Catalyst
® https://metacpan.org/pod/DBIx::Class

46


https://toastr.de/
https://metacpan.org/pod/Catalyst
https://metacpan.org/pod/DBIx::Class

3 Results and discussion

from a database. An ORM maps a schema of database tables to classes in object-oriented

programming. This abstraction layer allows to work with a SQL database by using Perl

objects instead of SQL statements, thus nicely integrates writing application code and

accessing databases. Moreover, using an ORM helps to prevent direct SQL injection

attacks, i.e. executing unintended database commands or accessing data without proper

authorization (Bundesamtes fiir Sicherheit in der Informationstechnik, 2006).

User

user action present content
I : : I
, Application layer |
| |
! Controllers Views |
|
! update [
| T |
| | | |
| |
: query/modify provide :
| data data |
| |
| |
! Models ] !
| |
| |\ |

store retrieve store monitor save read

data data jobs jobs files files
|
st aer Y S [we)
I file I
: toaSTR DB Job DB system |
| |

get locus write process provide
parameters results jobs file

| Bioinformatics layer [ | [ | :
' ) &y|  parallel {3 {3 !
: @ @ workers @ @ :
| |
. I s o °
' T T T T
| |
| |
: toaSTRAPI i
| |

Figure 9. Structural decomposition diagram showing the high-level architectural design of the toaSTR

software with interconnections between major subsystems and data repositories.
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Views are responsible for presenting content to the user. Web content will typically be
an HTML document, but a view may also generate a PDF or CSV file F13) a spreadsheet, or
an e-mail. Views in toaSTR are built with the template processing engine
Template::Toolkit °. Templates are static pages extended by templating directives such as
variables and conditionals for displaying dynamic content. Genotyping reports as PDF files
are produced using an additional templating plugin that allows the use of LaTeX markup.
Templates help to maintain a clear separation of concerns between the structuring of
content in the front-end and the application logic in the back-end. Formatting of content
is again separated from the content’s structure; toaSTR’s design language (i.e., styling,
colors, icons, and fonts) is based on the Materialize CSS framework ’ and Google’s Material
Design ® principles. Materialize incorporates jQuery dialogs and animations, which
provide feedback to the users and make toaSTR feel more like a native application. The
underlying responsive system adapts the look and feel of toaSTR to virtually any screen
size and allows for a unified user experience on various device classes. Diagrams for the
visualization of results F12 are generated dynamically with the D3 (Data-Driven Documents)
JavaScript library °. Instead of storing a large number of static images, all charts are drawn
with D3 as interactive SVGs (Scalable Vector Graphics) at the time when a results page
loads, driven by the data to be visualized. This reduces page loading times and storage
requirements. The form construction and rendering framework HTML::FormHandler *is
employed to set up forms and fields. toaSTR uses forms to receive user input F92 in many
situations such as logging in to the application, starting an STR analysis or setting up a
marker panel. Any user input is validated client-side and server-side before processing
data in order to prevent the execution of potentially malicious code.

Controllers are responsible for the application flow control as well as the coordination
of models and views. They handle requests and determine what actions the application
takes when an event is raised by the user like clicking a button or accessing a URL (Uniform
Resource Locator) with specific parameters. Figure 9 illustrates the interactions between
the MVC components: On a user request, such as displaying the result of an analysis, the
controller receives, interprets, and validates the user input. Next, the controller queries

the model. The model then prepares the data and sends it back to the controller. Finally,

® https://metacpan.org/pod/Template::Toolkit

" https://materializecss.com/

& https://material.io/design/

® https://d3js.org/

10 https://metacpan.org/pod/HTML::FormHandler
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the controller creates or updates the view, which displays the requested content to the
user. The logical domains of the toaSTR app are separated into five controllers (Admin,
Panel, Root, Run, and User), each containing multiple actions (i.e., Perl subroutines). A

brief description of controllers and responsibilities is given in Table 6.

Table 6. toaSTR controllers and responsibilities.

Controller Responsibilities

Admin App configuration, user administration, and system e-mails N08

Root Display static content, error pages, and maintenance pages

Panel Create, view, edit, and delete STR marker panels F04

Run Start, edit, view, export, and delete analyses F03

User User authentication and authorization, registration process, password reset,

and user account self-management N06

On a web process timescale, the bioinformatics analysis of sequence data is a long-
running task with an expected runtime between tens of seconds to a few minutes,
depending on the amount of reads in the input file and the number of loci to be analyzed.
Due to the request-response cycle of the web, a long execution time can block the
application or even lead to a server connection timeout. Therefore, toaSTR utilizes the job
queue system TheSchwartz ! in the back-end that allows for a non-blocking execution of
computationally expensive STR analysis, creating a rich and dynamic user experience 03.
When a new genotyping task is started, the app generates a number of jobs equal to the
number of loci to be analyzed and inserts the jobs into a separate job database. Worker
processes in the background periodically monitor the job database, grab jobs, and execute
them (Figure 9). Jobs that succeed are marked completed and removed from the queue.
The number of workers depends on the available CPU threads. On a multi-core CPU,
multiple jobs, hence multiple loci, can be processed in parallel with Parallel::Prefork %,
which greatly improves the time to result P92, A worker fetches all relevant information
from the toaSTR database. It performs the actual analysis on the sequence data, including
a search for the locus-specific recognition elements in the flanking regions, extraction and
formatting of the repeat region, stutter modelling, and classification of observations, and

stores the results in the database. The actual bioinformatics code is separated into a code

' https://metacpan.org/pod/TheSchwartz
12 https://metacpan.org/pod/Parallel::Prefork
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library (toaSTR API), since these functions are not necessarily coupled to the web app but

might perspectively also be accessed from another interface like a command line.

3.1.2.4 Datadesign

toaSTR generates data that needs to be stored persistently and retrieved on request. These
data include, for instance, information on the configuration of marker panels, previously
performed analyses, and obtained STR profiles P%2. Moreover, toaSTR depends on various
administrative settings and requires access to user information to work properly and
deliver a personalized user experience. toaSTR uses a MySQL " relational database
management system with a core database containing twelve tables to represent all relevant
entities such as analyses, results, alleles, users, etc. A separate database is used to support
the job queueing system (Figure 9). A relational database system was chosen to organize
relations and constraints between entities. For instance, one user may have multiple
panels and one panel contains many markers. Referential functions maintain data
consistency and integrity: Foreign key relationships cross-reference related data across
tables; Cascading actions automatically delete or update matching rows in a child table
upon updating or deleting a row in the parent table. The database layout including its
properties and constraints is illustrated in the entity-relationship diagram available in
Appendix A2. The uploaded sequence data files are converted to FASTA and stored on the
server file system P01 to enable re-starting an STR analysis with edited parameters without

the need to re-upload the file.

3.1.2.5 Userinterface design

The toaSTR software is a browser-based application featuring a discovery-oriented
graphical user interface 02 F04, F12,N05, Non-registered users can visit an information page
and the registration form. Registered users get full access to the web app after logging in
with their credentials. A tour through toaSTR with screenshots illustrating the common

analytical workflow is available in Appendix Al.

3.1.2.6 Security design

The online available toaSTR web app employs a multi-layered security concept, relying on
network security, host security, and application security. The application is hosted on a

dedicated server located in a DIN ISO/IEC 27001 certified data center in Germany. The

3 https://www.mysgl.com/
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server hardware is designed with multiple redundancies for high availability and
reliability of this service. All application components (storage, database, and computing
units) are located within a firewall-protected environment to control network traffic to and
from toaSTR. The client-server communication is encrypted via Secure Socket Layer (SSL),
thus preventing data in transit from being compromised or accessed by a third party. The
app is multi-tenant N06, N0O7 'meaning that multiple users can use the app at the same time,
while each user only has permission to its own data. Users are required to register for a
personal account. Authorized users can log in with their username and password.
Authentication is ensured via session cookies and access control when content is directly
accessed (e.g., viewing an analysis by its ID). Any file uploads and user data are considered
potentially malicious. Thus, form inputs are restricted by rules and validated on the client
side as a feature of good user experience. Server-side validation prevents the processing

of malicious data.

3.1.3 toaSTR proved to be a valid cross-platform genotyping software,
simplifying the access to STR sequencing

The purpose of software development described in this dissertation was to deliver a
versatile tool that is compatible with data of popular MPS platforms and can analyze both
commercial and in-house identity panels. The toaSTR app presented here offers an
intuitive graphical user-interface, sample management, comprehensive data analysis, and
reporting of results following the nomenclature considerations of the ISFG. Taking full
advantage of the high resolution enabled by MPS, sequence observations are automatically
classified to assist with the interpretation of complex samples.

In an initial compatibility and concordance study (Ganschow et al., 2018), the
robustness of this software has been assessed on a dataset containing reference DNA and
GEDNAP (German DNA Profiling) ring trial samples. Results indicated the software’s
independent functionality; Precise allele calling was obtained with data from widely used
MPS platforms (MiSeq RUO, MiSeq FGx, and Ion PGM), various custom and commercial
STR amplification kits, five different library preparation chemistries, and multiple
sequencing modes. In total, STR profiles showed 97 % concordance with CE-based results
after automatic allele calling and 100 % concordance upon expert review. Simple,
compound, and complex repeat structures were correctly detected and formatted in the
common bracketed notation. The automatic classification of alleles, stutter, and artefacts

was largely accurate and required only minor correction by the analyst. Sporadic
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deviations resulted from an unexpectedly high stutter or a raised artefact coverage. The
classification feature proved to be helpful for the interpretation of mixed-source samples,
which at times are hard to deconvolve into individual STR profiles, since lengths and
sequences of artificial and true alleles may be confusing (Marciano and Adelman, 2017).
For instance, results for ring-trial sample 52S2 indicated a two-person constellation with
up to four alleles per locus. At locus D21S11, two allele peaks were detected by CE;
however, by making use of the sequence information gained by MPS, toaSTR identified
three alleles including two isoalleles that share the same length but differ in sequence.
Classification of observations greatly enabled the interpretation of imbalanced mixtures,
in which alleles of a minor contributor were hidden in the stutter position of the major
contributor. toaSTR also delivered data for the statistical metrics used during the
development of the monSTR identity panel (Ganschow et al., 2019). Moreover, this
software was involved in resolving allele calling discrepancies between CE-based and MPS-
based data from 496 Spanish individuals with the Ion S5 system, acting as a “second
opinion” to proprietary genotyping software (Barrio et al., 2019). In another dataset
(Silvery et al., 2020), toaSTR analysis indicated one instance of discordance between CE
and MPS methods at the SE33 locus. The CE-based genotype displayed a “< 3.2” allele,
however, with MPS an allele “14” was seen. Subsequently, raw FASTQ files were
investigated manually and a 63-bp-deletion was discovered within the flanking region.
Here, toaSTR correctly characterized the repeat region. However, since toaSTR infers
allele lengths from the repeat region only, InDels residing outside of toaSTR’s recognition
elements but within the fragment amplified by the CE kit may result in discrepant results
between MPS and CE. This kind of discordance is, however, not unique to MPS, but can
occur between different CE kits as well. This case illustrates that the sequence and
positioning of recognition elements are of considerable importance for a correct
sequence-based and length-based assignment of genotypes in accordance with forensic
conventions. REs are likewise identifiers for an STR locus and boundaries for the repeat
region to be reported and therefore may limit the detection abilities of sequence-search
genotypers. Too permissive RE matching conditions may cause bioinformatics drop-in,
i.e. afalse positive calling of reads. If conditions are too strict, bioinformatics drop-out and
imbalance may occur in case of an increased amplification error rate or sequencing error
rate, incomplete reads, or multiple SNPs at the RE site. However, the generally observed
high calling ratios in toaSTR (Silvery et al., 2020) indicated robust genotyping with the
implemented REs. The author of this dissertation attended the 2019 STRAND Working

Group meeting (Gettings et al., 2019) and agrees on the need for standardized start and stop
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coordinates per locus. Standardized coordinates would unambiguously define the
analyzable flanking ranges. Once this prerequisite is fulfilled, further extension of the
toaSTR software may include the analysis of flanking region polymorphisms, which
increase the allelic diversity (Gettings et al., 2018; Novroski et al., 2016; Phillips et al., 2018)
and were also found to impact the stutter ratio (Woerner et al., 2017a).

toaSTR’s stutter modeling algorithm recognizes nine stutter variants most frequently
observed in MPS data. Although, in theory, stutter products may exhibit an even higher
complexity, modeling stutter based on the LUS and SLUS patterns in the nominal positions
N-2 to N+1 appeared to be a valid approximation of sequence-based stutter generation.
Stutter in other repeat stretches or positions was found to be negligible (Ganschow et al.,
2018; Silvery et al., 2020). Currently, the expected stutter values are calculated based on a
locus-specific stutter threshold, which is determined empirically by the user based on
reference samples. Adapting the stutter threshold on allele lengths or LUS lengths might
further improve the prediction accuracy, as shown by Gaag et al. (2016). Recognizing
stutter patterns with machine learning methods might be a promising strategy for future
refinements of the stutter model. Hoogenboom et al. (2017) employed a linear regression
model predicting the relationship between the repeat length and the stutter ratio. Gymrek
et al. (2012) presented a logistic regression model of stutter noise built on haploid training
data and involving features such as motif size, GC content, length and purity of the repeat
region. Raz and colleagues (2018) have calibrated a Markov model for the prediction of
stutter behavior using a synthetic library of STRs. However, training a model in the sense
of supervised learning requires a relatively large, high-quality dataset of accurately labeled
sequence observations (Hoogenboom et al., 2017) and the obtained model will likely be
characteristic to stutter patterns of the MPS platform and the identity panel in use.

The web app concept picks up the idea of cloud computing and providing software-as-
a-service (SaaS; Buxmann et al., 2008). Web apps for diagnostic and scientific purposes are
in common use. As an example, the online tool HIV-GRADE ' enables the prediction and
interpretation of resistance against various drugs used in HIV therapy. The Y-
Chromosome Haplotype Reference Database (YHRD) is a forensic web app that helps with
the interpretation of genetic profiles from Y-chromosomal STRs and SNPs (Willuweit and
Roewer, 2015). Web apps deliver many benefits compared to locally installed, native
software. First, the output of a web app is rendered in a web browser. Since virtually any

computer or mobile device features a web browser, a web app inherently supports most

 https://www.hiv-grade.de/
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operating systems and device classes such as desktop computers, tablets, and
smartphones. Second, instead of developing native software for each operating system
(Windows, Ubuntu, macOS, Android, etc.), a web app covers many systems with a single
code base, which greatly simplifies the maintainability of the software. Third, web apps
are based on the client-server-model, meaning that data is processed and delivered via a
web server and received by the client. Hence, users are not required to install the software
or its dependencies. Since the computational work is mainly performed on the server, the
application responds fast even on clients with low system specifications. On the negative
side, legal and data privacy concerns might limit the usability of a web app for routine
analysis of genetic data. Using the online version of toaSTR requires sending sensitive data
over the internet and processing information on a remote server. Alternatively, the
software and its numerous dependencies might be packaged as a virtual machine or a
more lightweight Docker container **, which would make the application portable and
enable local deployment. A rewrite of the application code in JavaScript utilizing the
Electron]S * framework would allow the parallel deployment of toaSTR as a web app and
cross-platform desktop app on a single code base.

In summary, toaSTR complements the landscape of existing open-access genotyping
tools by combining cross-platform compatibility, a graphical user interface, high
processing speed due to parallel processing, classification of results, and compliance with
nomenclature considerations. With an emphasis on usability, toaSTR allows forensic
experts to work with MPS data simply and efficiently. Table 7 highlights toaSTR’s unique

combination of features in comparison with previously published software packages.

5 https://www.docker.com/
!¢ https://electronjs.org/
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3.2 monSTR — a high-fidelity identity panel targeting twenty-one
forensic markers

The second aim of the present thesis was to develop a mid-sized identity panel, monSTR,
for the widely used MiSeq platform, offering an economical yet competitive alternative to
large commercial panels. Panel development was divided into three subtasks:
construction of the multiplex assay, systematic optimization of the assay performance,

and developmental validation according to forensic guidelines.

3.2.1 Primer engineering and multiplex assay construction

A set of 21 forensically relevant markers commonly used in Europe and the USA is targeted
by the monSTR panel, including D1S1656, D2S1338, D2S441, D3S1358, FGA, CSF1PO, SE33,
D7S820, D8S1179, D10S1248, THO1, D125391, vWA, D13S317, Penta E, D16S539, D18S51,
D19S433, D21S11, Penta D, and amelogenin. Focusing on core CODIS and ESS loci
facilitates pooling of more samples per sequencing run, which lowers costs per sample
and makes this panel attractive for the application of MPS in a low-throughput scenario.
The two pentamer systems, Penta D and Penta E, have been selected for their high power
of discrimination and low levels of stutter (Bacher and Schumm, 1998). Inclusion of the
highly informative marker SE33 is a unique feature of monSTR. While the Verogen
ForenSeq system also contains primers targeting SE33, this marker is neither promoted by
the manufacturer nor does the proprietary genotyping software Verogen UAS show results
for SE33 (Kocher et al., 2018).

A multiplex-compatible set of primer pairs has been carefully engineered utilizing a
combination of two bioinformatics tools, MPPrimer (Shen et al., 2010) and Primaclade
(Gadberry et al., 2005) to meet specifically defined quality criteria. Specifications included
(1) comparable thermodynamic properties of primers concerning length, GC content, and
melting temperature, (2) no overlap of primer binding sites with frequent SNPs,
(3) amplicon sizes compatible with MiSeq read lengths, (4) equally sized amplicons to
prevent preferential amplification of shorter targets, and (5) maximization of the
amplified flanking region variation to provide additional discriminatory features. In this
workflow, MPPrimer was used to automatically suggest a set of candidate primers, while
manual revision of primers, if necessary, was done with Primaclade. The final primer set
was characterized by similar hybridization kinetics for all primers regarding balanced GC
content and comparable melting temperatures within a range of 5 °C. The prediction of

amplicon sequences and lengths, as well as the evaluation of potential non-specific (cross)
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amplification between primer pairs, primer dimerization, and hairpin formation, was
performed by 7n si/icomPCR utilizing the MFEprimer software (Qu et al., 2012). Simulation
of mPCR predicted a highly specific amplification of all 21 targets, while the formation of
primer-dimers and secondary structures due to internal complementarity was largely
avoided. Although primer design has arguably the most significant impact on multiplex
PCR success, other components including concentrations of Mg*, dNTPs and the choice
of the DNA polymerase may be contributing factors as well (Wallin et al., 2002). The Q5
High-Fidelity Master Mix (New England Biolabs, 2012) used for the monSTR identity panel
was previously reported to achieve robust and highly specific mPCR results requiring little
to no optimization of reaction components for mPCR applications (Menin and Nichols,
2013). The Q5 enzyme is among the most robust DNA polymerases on the market and has
been successfully applied to the amplification of repetitive DNAs (Hommelsheim et al.,
2014) and rapid PCR of STR markers (Romsos and Vallone, 2015). In preliminary studies of
the present thesis, Q5 was compared to 7ag polymerase to amplify a 10-plex STR assay
(Ganschow, 2016). Results revealed a 10-fold reduction of artificial sequences containing
random substitutions and decreased the formation of stutters up to 69 %. These results
reflect those of Potapov and Ong (2017) who measured the lowest rate of base substitution
errors with Q5 among various proofreading enzymes. Accordingly, Daunay et al. (2019)
observed a reduction of stutter when PCR-amplifying microsatellites with the Q5 enzyme.
Fragment analysis of monSTR amplicons from singleplex and multiplex reactions under
standard PCR conditions suggested a solid basis for the successive optimization of the
thermocycling protocol.

A dual-PCR library preparation strategy was chosen to have full control over the
sequencing targets. In contrast to a random fragmentation followed by adapter ligation,
the dual-PCR strategy yields only informative amplicons (Warshauer et al., 2013). In the
first PCR, STR markers were amplified using target-specific primers with universal
overhangs. Overhangs served as universal primer binding sites in the second PCR to
introduce Illumina Nextera XT index adapter sequences. Amplicons were designed to have
a mean size of 300 bp, while the longest known allele for Penta E was predicted to generate
a 370 bp product. Therefore, monSTR amplicons are compatible with 251 x 251 nt paired-
end sequencing, which is currently the maximum cycle number supported by the MiSeq
Nano flow cell (Illumina, 2018). This flow cell type was chosen to meet the frequent
requirement of forensic laboratories to process a small number of samples. The Nano flow
cell is specified to yield 1,000,000 reads pairs per sequencing run and thus would be

appropriate for pooling ten monSTR libraries, resulting in a typical locus coverage of about
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5,000 reads on average (Barrio et al., 2019; Gettings et al., 2016). With the paired-end
configuration, merging of overlapping read pairs is necessary to form an informative
consensus read spanning the full STR. It was observed that merging may lead to
ambiguous results, substantial read loss, and skewed genotypes when reads end within the
repeat region (Ganschow et al., 2019, 2018). While not tested yet with monSTR, switching
to 300 x 300 nt paired-end sequencing using a 600-cycle chemistry may improve merging
results, since reads are more likely to end in non-repetitive flanking regions. The
sequencing mode for monSTR has been changed in the course of the developmental
validation to 400 nt single-end sequencing (Silvery et al., 2020). While this setup eliminates
the need to merge reads, lower base qualities towards the end of reads were observed.
Ignoring low-quality reads may add unreliable and random information to the dataset and
lead to a false interpretation of results. Laboratory guidelines, for instance in clinical
diagnostics (Aziz et al., 2015), therefore require quality control (QC) of raw MPS reads.
However, to the best of the author’s knowledge, there is no consensus in forensic genetics
on quality indicators, thresholds, and best practices for the treatment of raw sequence
data. Previous MPS-related publications did not report on QC of raw data at all (Gettings et
al., 2018; Hoogenboom et al., 2017; Zeng et al., 2015b). Because of the lack of forensic QC
guidelines, it was decided not to perform any quality treatment of the underlying raw data
in the development and validation studies of the monSTR panel, since preliminary results
indicated that different quality filtering algorithms and thresholds may have a substantial
impact on the STR profile (unpublished data). However, the author wishes to enhance
awareness for raw data QC in forensic genetics and encourages a debate on this topic. It
should be explored whether current STR genotyping algorithms are capable of obtaining
high-quality profiles even from lower quality sequence data. For instance, the STR
detection algorithm of the toaSTR software (Ganschow et al., 2018) discards reads with too
many errors and may be considered as an inherent quality filtering step. Experiences with
successful standardization of raw data QC in other fields such as clinical laboratory
practice (Gargis et al., 2012) may be transferred to the field of forensic genetics, probably

guided by a central authority such as the QC platform STRidER (Bodner et al., 2016).

3.2.2 Design of Experiments enabled a systematic assay optimization

The development of an identity panel involves a rigorous experimental strategy to identify
and optimize critical parameters. However, comprehensive PCR optimization has been
prohibitively laborious and cost-intensive (Henegariu et al., 1997). A thorough exploration

of experimental conditions depending on multiple influencing factors can quickly result
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in dozens of experiments, which may discourage small laboratories in developing tailored
in-house assays at all (Butler, 2005). Moreover, a one factor at a time approach ignores
potential interactions between factors and will rarely identify true optimum conditions
(Toms et al., 2017). Therefore, the optimization of a multi-factorial processes demands a
systematic strategy.

Article two of the present thesis (Ganschow et al., 2019) describes the first attempt to
apply the Design of Experiments methodology to the optimization of an MPS-based assay.
In essence, DOE provides an organized approach to plan informative experiments, assess
the joint influence of input factors on the system response, and create meaningful
mathematical models of the system for decision making (Eriksson, 2008). Based on the
experience of previous multiplex optimization studies (Boleda et al., 1996; Butler, 2005;
Edwards and Gibbs, 1994; Henegariu et al., 1997; Menin and Nichols, 2013), four
quantitative input factors were considered to have a strong effect on the fidelity of the
monSTR panel: annealing temperature (ATemp), annealing time (ATime), extension time
(ETime), and number of PCR cycles (Cyc). Since the performance of an MPS-STR assay
cannot be measured intuitively, the optimization goals were translated into three
representative responses that can be obtained from MPS-STR profiles: (1) the coefficient
of variation of the locus coverage (CV) to determine the interlocus balance; (2) the calling
ratio (CR) between on-target reads and total reads to reflect the amplification specificity;
and (3) the signal-to-noise ratio (SN) of allelic observations to noise observations, which
expresses the tendency to form stutter products and other technical artefacts. Based on
samples of reference DNA, the four factors were varied according to an RSM experimental
design with three levels per factor (low, center point, and high), incorporating 20
experiments with unique combinations of factor settings plus three replicates of center
points (i.e., settings of the standard PCR protocol). STR profiles were generated with the
toaSTR software (Ganschow et al., 2018). The creation of the experimental design and
statistical models was performed using the MODDE Go software (Sartorius Stedim Data
Analytics, Umed, Sweden).

The DOE methodology provides several graphical diagnostic tools, as exemplified in
Figure 10, which support the evaluation of raw data as well as the analysis and
interpretation of models (Haaland, 1989). Replicate plots indicated that variation in the
three center point replicates was much smaller than the variation in the entire
investigation series, suggesting good control over the experimental procedure. One outlier
experiment within the dataset, deviating by more than four standard deviations, was

identified using normal probability plots and excluded prior to model building. Coefficient
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plots visualized the effect of factors and interactions on the responses and helped to
identify insignificant factors, which were subsequently removed by backward elimination

during model refinement.
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Figure 10. Graphical diagnostic tools of the DOE framework. Diagrams are shown exemplarily for the CV
response. Left: replicate plot displaying response values of 23 experiments with varying factor settings.
High overall variation (circles) versus small replicate variation (rectangles). Center: Normal probability plot
indicating experiment N2 as an outlier. Right: Regression coefficient plot indicating a dominant ATemp
factor, which increases CV by about 0.5 when ATemp changes from its standard condition to the high level.

Central to DOE is the generation of statistical models, which establish a relationship
between the input factors and the measured response values (Eriksson, 2008). By applying
multiple linear regression (MLR; Box and Draper, 1987) to the experimental data, a
statistical model was generated for each of the three responses, incorporating first and
second-order terms and factor interactions. MLR is based on fitting the regression model
that minimizes the residual sum of squares of the respective response. A model can be
written in the form y = - X + ¢, where y is an n-dimensional vector of response values;
B is a k-dimensional vector of regression coefficients; Xisa 1 + n X k matrix of model terms
including the constant; € is an n-dimensional vector of residuals. Model refinement based
on the exclusion of insignificant model terms yielded the following model equations,

which describe the behavior of the multiplex PCR system in the region studied:
CV =0.79 4+ 0.52x; — 0.05x5 + 0.05x, + 0.21x;x; + 0.19x3x5 — 0.12x;x, + &
CR = 0.88 + 0.09X1 - 0.02x2 + 0.06X3 - 0.11x4_ + 0.03x1x1 - 0.04X3X3 - 0.07x4X4
+0.07x1x, + 0.02x;x3 + 0.08x;x, — 0.04x,x3 + €

SN = 2594 — 4.18x; — 0.72x, — 3.47x5 — 2.61x, — 2.91x,x, — 2.41x3x5 + 0.99x, x4
+2.64x3x, + €

with x,: ATemp, x,: ATime, x;: ETime, x,: Cyc, e: residual error. The regression
coefficients were scaled and centered, therefore the constant terms relate to the estimated
response value at the design center-point. The value of a regression coefficient indicates

the response change as the factor changes from its standard condition to the high level.
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Modeling revealed valuable insights that helped to understand the characteristics of the
identity panel under investigation. Each of the four input factors had a significant impact
on one or more responses, either as a main effect or as part of an interaction. The CV
model was dominated by the factor ATemp (0.52 + 0.08, p=1.2-107°), suggesting that high
ATemp induced a stronger interlocus imbalance. A possible explanation for this might be
that a more stringent ATemp in combination with competitive effects in a multiplex
reaction may lead to preferential amplification of some targets. ATemp had also the
strongest impact on CR (0.09 £ 0.03, p=6.37-10"), indicating that adjusting the temperature
to higher levels improved the specificity of PCR products. Raising ATemp generally
increases the stringency of primer-template hybridization since fewer mismatches at the
priming site are tolerated (McPherson and Mgller, 2006), which may explain decreased
amplification of non-specific sequences. The negative effect for Cyc on CR (-0.11 + 0.02,
p=4.8-107") was not unexpected since prior studies (Edwards and Gibbs, 1994; Henegariu
et al., 1997) have noted that keeping the number of PCR cycles to the minimum required
to generate sufficient product reduces the likelihood of PCR errors and the accumulation
of non-specific products. Longer ETime was beneficial for a specific and complete
amplification with regard to the CR model (0.06 + 0.02, p=3.2-10"°). This appears plausible,
since multiplex PCR may require longer extension time for the polymerase to complete the
synthesis of all products as the pool of enzyme and nucleotides becomes a limiting factor
(Henegariu et al., 1997). The CR model was also characterized by several interactions
between factors and second-order terms. For instance, the interaction of ATemp and
ATime (0.06 £0.03, p=9.1-10"°) appeared to have a positive effect on CR, which exemplifies
the importance to investigate factor interactions in optimization strategies. Interestingly,
ATemp (—4.18 + 1.42, p=2.5-10"°) was also the most important factor for SN. These findings
support the hypothesis that a lower ATemp enhances the stability of the
polymerase/template complex, which in turn reduces the likelihood of polymerase
slippage, resulting in lower stutter ratios (Murray et al., 1993; Seo et al., 2014). In contrast,
the SN model implied the generation of more technical artefacts upon increasing ETime
(-3.46 £ 1.42, p=1.5-10"), which could be attributed to a longer timeframe for polymerase
slippage events. ATime had a comparatively little influence on the models. In the
literature, a longer annealing time has been associated with a higher risk of non-specific
products (McPherson and Mgller, 2006). Consistently, it was observed in the present study
that extending ATime may reduce CR (-0.02 + 0.02, p=0.05). Moreover, a significant
negative quadratic effect was included in the SN model (-2.91 + 2.52, p=0.03), which may

be linked to a higher likelihood of polymerase/template dissociation.
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The p-values for the complete models were determined to be p (CV) = 2.30-10%,
p(CR) =5.31-107, p(SN) = 1.16-10°%, indicating that the variance that can be explained by
the models is significantly larger than the unmodelable (residual) variance. The models
were subsequently used to predict the responses for any condition within the experimental
space and to draw conclusions about optimal factor settings. Response contour plots
(Figure 11) are graphical representations of the models, allowing an approximate
localization of the optimal working zone that induces the best outcome for the respective
response. As becomes apparent from the plots, low annealing temperature and reduced
number of PCR cycles would be preferable for a low interlocus imbalance and high signal-
to-noise ratio. Conversely, these conditions were predicted to have an unfavorable effect
on the calling ratio. Therefore, the downhill simplex method (Nelder and Mead, 1965) was
employed to find combinations of factor levels that jointly optimize all responses. The
exact coordinates of the global optimum that minimizes CV and maximizes both CR and
SN are given in Table 8. Optimal factor settings, i.e. a reduction of ATemp, ATime, and Cyc
and an increased ETime, were predicted to improve all responses. Confirmation
experiments employing the optimized PCR protocol for the monSTR identity panel indeed
verified a substantial improvement of the assay performance compared to the standard
PCR conditions before optimization. Results suggested that a high interlocus balance and
low formation of stutter artefacts was achieved by choosing favorable thermocycling
conditions, while the amplification specificity remained on a high level. After DOE
optimization, the interlocus balance was further improved by titration of primer
concentrations.

An efficient RSM experimental design, which required only a minimum number of
experiments, supported the generation of realistic mathematical models. However, some
deviations were observed between predicted and the confirmed values, which could be
attributed to stochastic effects during the multiple library preparation steps as well as
sequencing inter-run variation. Also, genotype-specific effects of the samples used
throughout the study, such as the allele spread and heterozygosity, may add to the
variation, since longer alleles tend to have a lower amplification specificity and a higher
stutter ratio (Klintschar and Wiegand, 2003). Improvement of the modeling accuracy may
be achieved by the inclusion of replicates of the individual experiments. Further
improvements of the assay performance might be achieved by adjusting the composition
and concentrations of reaction components. For instance, adjusting the Mg*/dNTP
balance was found to increase the amplification specificity (Henegariu et al., 1997).

Overall, this application of DOE to the optimization of the monSTR identity panel
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strengthens the idea that computer-aided modeling can result in a viable approximation
of complex molecular assays, as previously demonstrated for enzymatic assays (Altekar et
al., 2006), stem cell bioprocessing (Toms et al., 2017), and cDNA microarrays (Wrobel et
al., 2003). The DOE methodology enables forensic laboratories to develop and optimize

custom identity panels with reasonable resources and communicate results transparently.

A Coverage Coefficient of Variation

58 60 62 64 66
Annealing temperature / °C

B Calling Ratio

58 60 62 64 66
Annealing temperature / °C

C Signal-to-Noise Ratio

58 60 62 64 66
Annealing temperature / °C

Figure 11. Response contour plots showing the predicted responses for (A) CV, (B) CR, and (C) SN as a
function of ATemp and Cyc. As the factors ATemp and Cyc were identified as driving forces in all three
models, ETime and ATime were fixed at their center-point levels for visualization purposes (ATime =30's,
ETime =60 s). Values in white boxes are given in the unit of the respective response.
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Table 8. Comparison of input factors and assay performance before and after optimization. Response
values for CV and SN substantially improved with the optimized protocol, while CR remained on a high

level.
Protocol ATemp ATime ETime Cyc cv CR SN
standard 62°C 30s 60s 30 0.72+0.01 0.92+0.02 28+1
optimized 58°C 23s 65s 25 0.61+0.01 0.87+0.02 3814

3.2.3 monSTR’s robustness was demonstrated by comprehensive
developmental validation studies

It is common practice in forensic genetics that novel identity panels undergo a detailed
evaluation and validation prior to routine application (Churchill et al., 2016; Guo et al.,
2016; Jager et al., 2017; Kocher et al., 2018; Miiller et al., 2018; Xavier and Parson, 2017).
The monSTR panel, in combination with the MiSeq platform and the open-access
genotyping software toaSTR, was subjected to a rigorous “stress test” (Silvery et al., 2020)
to validate its robustness and utility for routine application. Developmental validation
studies described here were conducted in accordance with guidelines published by the
Scientific Working Group on DNA Analysis Methods (SWGDAM,; Scientific Working Group
on DNA Analysis Methods, 2016). Robustness was assessed through concordance testing,
sensitivity studies, evaluation of repeatability and reproducibility, mixture analysis,
species testing, and investigation of forensic mock samples.

Maintaining backward compatibility of MPS allele calling with existing law
enforcement STR databases is of great importance (Parson et al., 2016). Concordance
testing of monSTR results revealed full concordant length- and sequenced-based
genotypes in comparison with data from CE and parallel MPS technologies. When samples
were handled by different operators, results obtained from reference DNA samples were
fully reproducible with respect to genotyping accuracy, interlocus balance, amplification
specificity, and signal-to-noise ratio. Only negligible variation was observed when samples
were repeated within one sequencing run or across individual runs. Analysis of GEDNAP
proficiency samples revealed largely concordant profiles between CE and MPS with 21
additional intra-allelic sequence variants (isoalleles) detected by MPS. Data suggested a
good amplification efficiency and heterozygous balance of the SE33 marker, which was
comparable to other loci even for SE33 genotypes exhibiting large alleles (> 30) and

heterozygote allele spreads up to 5 repeat units. This is a remarkable outcome contrary to
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that of Borsuk et al. (2018), who reported challenges of interpreting SE33 sequence data
from a ForenSeq experiment, such as high sequence noise, low coverage of large alleles,
and heterozygote imbalance. It seems possible that the high fidelity of SE33 in the monSTR
panel benefitted from primer design and the thorough optimization of reaction conditions.
However, there is a potential for bias due to limited sampling. Stutter ratios (N-1) observed
from the validation data mostly ranged between 5 % and 20 % and were comparable to
published values of other identity panels (Hussing et al., 2018). Locus D12S391 exhibited
the highest stutter value (at maximum 26.9 %), while stutter as little as 0.4 % was seen at
the Penta E locus.

At times, only minute quantities of DNA are available for STR analysis (Gill et al., 2015),
which demands a highly sensitive test system. The monSTR panel was found to be
competitive regarding the detection sensitivity and analyzability of low-input samples with
commercially available MPS-STR panels (Jager et al., 2017; Miiller et al., 2018). While the
monSTR panel has been optimized for amplification of 1,000 pg of total input DNA, full
profiles with consistently balanced loci were obtained in a wide dynamic range of DNA
inputs between 1,000 pg and 62.5 pg. Allele and locus dropouts were observed with 31.3 pg
DNA input and lower. Still, 76.4 % of alleles were correctly called with as little as 7.8 pg
DNA input amount, which approximately corresponds with the DNA content of a single
nucleus. Good heterozygote balance (allele coverage ratio > 0.6) was generally achieved
with a DNA input of 125 pg or higher. At low levels of DNA template (15.6 pg and 7.8 pg),
allele and locus imbalances became more apparent and the proportion of on-target reads
fell below 50 %. Imbalances are likely to be related to stochastic effects during PCR
amplification (Butler, 2011) in combination with unequal sample loss upon bead-based
size separation (Riman etal., 2017) and multiple pipetting steps during library preparation.

As mixed-source samples are frequently encountered in forensic casework (Balding,
2013), an identity panel should support the deconvolution of minor and major contributor
genotypes. The mixture study examined the panel’s ability to recover minor alleles at
various ratios of 2-person mixtures (1:1, 1:4, 1:9, 1:19, and 1:49). Theoretical and observed
mixing ratios were compared based on the minor component allele frequency (MAF).
Unshared minor contributor alleles that did not overlap with major alleles or major stutter
were accurately recovered in ratios 1:1 to 1:19. With a strongly imbalanced ratio of 1:49,
still 94.4 % of minor contributor alleles were resolved, while allele dropouts were observed
at the CSF1PO, D8S1179, and D19S1248 loci. Results suggested that MAF was a good
estimator of the minor contribution; A precise prediction could be achieved even for the

challenging 2 % (1:49) mixture ratio (MAF 2.0 % + 0.7 %). In order to assess the species
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specificity of monSTR, non-primate mammal samples of common domestic species (dog,
cat, and horse) were analyzed. No evidence for species cross-reactivity was found.
Spurious allele calls (CR < 0.05) were partly associated with the genotypes of the respective
animal owners.

Taken together, data presented in this study lend support that the monSTR identity
panelis suitable for STR sequencing and produces reliable and accurate data. A substantial
set of experimental studies explored the capabilities and limitations of this assay. One of
the initial objectives when developing monSTR was also to offer an economically attractive
alternative to large panels for the MiSeq platform. For instance, the Verogen ForenSeq
system was designed to be most cost-effective when analyzing 36 database or 12 casework
samples per sequencing run in the low-throughput configuration (Verogen, 2018). This
translates to reagent and sequencing costs of approximately EUR 69 to EUR 102 per sample
for the ForenSeq kit. In comparison, the monSTR panel comes at much lower cost of
EUR 47 per sample, which underlines its utility for forensic genetic laboratories who wish

to focus on core STR markers.
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4 Conclusion and outlook

Forensic DNA typing has come a long way from the first molecular techniques, through
electrophoretic size-based profiling, to modern STR sequencing. MPS affords great
promise for routine implementation in forensic sciences, including virtually unlimited
multiplexing of markers, resolution of intra-allelic variation, and combination of different
marker types. However, forensics is a conservative field due to its support of law
enforcement, hence new technologies are introduced very carefully. The present study
examined the question of how STR sequencing can be promoted to gain greater acceptance
within the forensic community and proposed a holistic strategy for high-resolution DNA
typing. A multi-faceted, interdisciplinary approach was followed, integrating forensic
genetics, targeted massively parallel sequencing, experimental design methodology,
bioinformatics, and software engineering. First, this dissertation presented the
construction, optimization, and validation of a novel MPS-STR identity panel. The monSTR
panel was designed in response to demand for a mid-sized STR assay on the Illumina MiSeq
platform that captures European core STR loci plus the highly informative SE33 marker.
Second, a software engineering project was undertaken to develop a new web application,
toaSTR, that allows analyzing MPS results without in-depth bioinformatics knowledge,
while taking full advantage of high-resolution sequence data.

Focusing on core STR loci commonly used for databasing in Europe, the monSTR assay
complements the landscape of identity panels for the Illumina platform. It has been shown
for the first time that the DOE methodology, previously applied mainly in the field of
engineering, can be successfully transferred to the multifactorial optimization of an MPS-
based assay. Statistical models of mPCR emerged as reliable predictors of universal
reaction conditions. Jointly optimized parameters resulted in a high-fidelity identity panel,
characterized by a well-balanced amplification of microsatellite loci, a high on-target ratio
of sequence reads, and reduced formation of stutter products compared to standard PCR
conditions. Comprehensive validation of the monSTR panel suggested robust genotyping
capabilities, a large dynamic range, and deep mixture resolution. It is hoped that this
research will contribute to a more efficient and transparent assay development in the field
of forensic genetics and beyond, whose results can be better communicated than findings

obtained with an intuitive approach. Further work might explore a modular combination
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of the monSTR panel with other marker types. For instance, mRNA markers would allow
determining the cellular source of a crime scene sample and may help to reconstruct the
course of events. Preliminary studies indicated that monSTR amplicons and mRNA-
derived products can be readily integrated into a parallel library preparation and
sequencing workflow (unpublished data).

The analysis and interpretation of STR sequencing data represent one of the main
challenges for the integration of MPS into standard casework laboratories. The toaSTR
software strives to solve this issue with an intuitive, easy-to-use GUI and a streamlined
workflow. Allele calling in both single source and mixed samples is supported by a novel
stutter model that can identify artificial products originating from the analytical scheme.
Evidence from multiple studies suggested that this independent tool can detect STR alleles
in data generated with common MPS platforms and identity panels including commercial
as well as in-house assays. By the end of 2019, more than 3,000 analyses have been
performed by the forensic community using the open-access online version of toaSTR.
LABCON-OWL has initiated the Euroformatics consortium and a collaboration with the
German Federal Criminal Police Office (Bundeskriminalamt) to guide the further
development of this software and to continue gathering support and feedback from its
users. The roadmap of new features includes the extension of recognizable markers and
the analysis of flanking region polymorphisms. Once a consensus has been reached within
the forensic community regarding the nomenclature of sequence alleles and unified
coordinates of STR loci, adjustments to the monSTR amplicon design and the regions
targeted by toaSTR might become necessary. The web app concept of toaSTR picks up the
current trend of using cloud computing services (Armbrust et al., 2010) to deliver scalable
solutions for the analysis of big data. Following the example of the de.NBI Bioinformatics
Cloud (Sczyrba et al., 2018), future studies might evaluate the idea to provide a suite of
forensic software tools enabling quality control, genotyping, biostatistical analysis, etc. in
a dedicated cloud infrastructure with strong emphasis on data security.

Possible applications of the developments described herein are not restricted to human
identification. For example, panel and software may be applied to the authentication of
human cell lines by STR analysis (Almeida et al., 2016) in order to prevent cell line
misidentification in research and biotechnological applications. Moreover, the toaSTR
software has shown to be suitable for the analysis of STR alleles in Cannabis sativa DNA,
which may be useful to trace the origin of plants (manuscript in preparation). In a broader
context, it appears attractive to adapt monSTR and toaSTR to alternative sequencing

technology. Nanopore sequencing marks the onset of an era of portable, miniaturized
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devices that may facilitate real-time genetic analysis at the crime scene (Plesivkova et al.,
2019). Long read lengths associated with this technology can easily overspan repetitive
structures and capture flanking region variation. Future research might explore the
adaption of the monSTR library preparation to nanopore amplicon sequencing (Calus et
al., 2018) and may study aspects of nanopore-specific error patterns (Harris et al., 2019)
for allele calling with toaSTR. Current limitations for nanopore STR sequencing exist due
to homopolymeric sequencing bias (Cornelis et al., 2018) and low base-calling accuracy,
while the latter issue may be counteracted by consensus sequencing of intramolecular-
ligated amplicons (Li et al., 2016). Due to its ability to directly detect methylation patterns
in DNA from reads without extra laboratory techniques (Simpson et al., 2017), nanopore
sequencing might augment forensic investigations through the analysis of age-informative
epigenetic markers (Parson, 2018). Decreasing overall sequencing cost and high data
output allow even for metagenomics analysis of forensically relevant bacterial
communities, such as the epinecrome as a predictor for the postmortem interval (Pechal
et al., 2014). Thus, the evolution of sequencing technology can be seen as a driver for the
ongoing exciting transformation (Kayser and Parson, 2017) of forensic genetics into

forensic genomics.
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A2 Entity-relationship diagram of the toaSTR database
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ARTICLE INFO ABSTRACT

Massively parallel sequencing (MPS) is emerging within the forensic community as a promising technique for
high-resolution short tandem repeat (STR) genotyping, discovering both length and sequence polymorphisms.
Conversely, the application of MPS to routine casework poses new challenges to the DNA analyst in view of the
complex sequence data that is generated with this technology.

We developed the web application toaSTR to help forensic experts work with MPS data simply and efficiently.
An intuitive graphical user interface guides through the STR genotyping workflow. This versatile software
handles data from various popular MPS platforms and supports both commercial and in-house multiplex PCR
kits. Users can define locus-specific stutter thresholds and create custom sets of STR markers to be analyzed.
toaSTR’s innovative sequence-based stutter model predicts and identifies common stutter variants. The algo-
rithm automatically differentiates biological (iso-)alleles from stutter and other artefacts to assist the inter-
pretation of mixed samples. toaSTR features a comprehensive data visualization with interactive diagrams and a
dynamic tabular overview of sequence observations. The software provides an interface to biostatistics tools and
enables PDF result export in compliance with the sequence notation recommended by the International Society
for Forensic Genetics (ISFG).

An initial compatibility and concordance study confirmed the software’s independent functionality and
precise allele calling with data of different MPS platforms, STR amplification kits, and library preparation
chemistries. Discussion of genotyping results for single source and mixed samples demonstrates toaSTR’s ad-
vantages and includes suggestions for future MPS software development.

The beta version of toaSTR is freely accessible at www.toastr.online.

Keywords:

DNA typing

Short tandem repeat (STR)
Massively parallel sequencing (MPS)
Next-generation sequencing (NGS)
Web application

1. Introduction

For the past decades, exploiting length-based variation in short
tandem repeats (STRs) through capillary electrophoresis (CE) has been
the ‘gold standard’ relied upon by forensic DNA laboratories. Massively
parallel sequencing (MPS) has demonstrated its potential for high-re-
solution genotyping by providing benefits over CE analysis in terms of
discovering sequence diversity of repeat motifs [1,2], increased multi-
plex capacity [3], and improved profiles from degraded samples by
using short amplicons [4-6].

The additionally gained sequence information may be used to dis-
tinguish true (i.e., biological) alleles from non-allelic observations
which result from the analytical scheme and do not originate from the
sample [7]. The latter include stutter products and other artefacts that
are generated during PCR-based library preparation and sequencing

* Corresponding author.

reactions. Stutter products arise during PCR amplification because of
polymerase strand slippage. These amplicons are one or more repeat
units longer or shorter in size than the true allele. Other artefacts may
result from platform-specific sequencing errors like substitutions or
InDels [8,9].

Furthermore, the identification of intra-allelic sequence variants
may ease DNA mixture deconvolution in cases where contributors share
isoalleles (alleles that are identical by the number of repeats but differ
in sequence) or if the minor contributor’s allele, hidden in a stutter
position, has a different sequence than the stutter product of the major
contributor. Using bioinformatics solutions, observations may be clas-
sified based on characteristic sequence structures [10], which likewise
guards against over-interpretation of results in view of the high sensi-
tivity of MPS.

Considering the large amount of data generated in a sequencing run,
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analysis and reporting of forensic MPS data requires a dedicated soft-
ware for reliable STR genotyping. As described by Bgrsting and Morling
[11], the software should support user-definable options to alter locus-
specific settings and adapt to in-house validation studies and different
standards of laboratory accreditation. Further requirements comprise
the ability to detect intra-repeat variations, compliance with nomen-
clature recommendations, and support for the interpretation of mix-
tures. A recent survey by Alonso et al. [12] on the current state of MPS
in forensics indicated the need for an overarching software that is in-
dependent of the MPS platform. The authors of this survey also em-
phasized the importance of an interchangeable result format that pro-
vides compatibility between platforms and with established DNA
databases.

The manufacturers of the popular benchtop sequencers MiSeq
(Ilumina, San Diego, CA) and Ion PGM/S5 (Thermo Fisher Scientific,
San Francisco, CA) each provide their own genotyping software
[13,14]. Usage of those tools is restricted to the associated commercial
multiplex kits with defined STR marker selections and is limited to the
respective sequencing device (technical support email communication).
Thus, they do not meet the requirement of an independent solution.

Alternative programs, such as FDSTools [10], lobSTR [15], or
STRait Razor [16], to name just a few, have also been proposed. A
recent review article [17] covers freely available bioinformatic tools for
the analyses of forensic STR markers. While being successfully applied
in a research context, drawbacks of existing software become clear from
a routine perspective. The usability of reviewed tools is limited by one
or more of the following aspects: (1) a UNIX operating system is re-
quired, (2) the tool has to be handled via the command line interface,
(3) results necessitate manual reworking (e.g., copy-pasting primary
data output into a spreadsheet program), and (4) lack of assistance in
data interpretation (no differentiation of biological alleles from non-
allelic products).

Therefore, we developed a new web application to simplify the
access to a user-friendly forensics tool for the integrated analysis and
reporting of STR profiles with MPS. Our goal is to provide the forensic
community with an overarching software with routine use in mind that
works independently of the MPS platform and with both commercial
and in-house multiplex PCR kits. Our solution offers an intuitive gra-
phical user-interface, sample management, and comprehensive data
visualization and takes full advantage of the high resolution enabled by
MPS.

2. Materials and methods

toaSTR is a browser application that allows for cross-platform usage
with all common operating systems and web browsers. The software is
written in Perl and is based on the Catalyst MVC web application fra-
mework (catalystframework.org). A job queue system in the backend
enables non-blocking parallel processing of analyses for a short time-to-
result while delivering a rich user experience. A relational database
system manages efficient storage and retrieval of results. The applica-
tion employs current web technologies HTML5, CSS3, and JavaScript.
Diagrams for data visualization are generated dynamically with the
D3.js JavaScript library (d3js.org). toaSTR’s responsive layout fits to
desktops, tablets, and smartphone screens.

2.1. Security concept

The goal of information security is to maintain the confidentiality,
integrity, and availability of data. We employed an industry standard
security concept for toaSTR which involves different layers of security.
The application is hosted on a dedicated server located in a DIN ISO/
IEC 27001 certified data center in Germany. Server hardware is de-
signed with multiple redundancies for high availability and reliability
of this service. All application components (storage, database, and
computing units) are located within a firewall-protected environment
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to control network traffic to and from toaSTR. The client-server com-
munication is encrypted via Secure Socket Layer (SSL), thus preventing
data in transit from being compromised or accessed by a third party.
Usage of this application is only possible for registered users. After free
registration at www.toastr.online, users get access to their password-
protected personal account which allows managing own analyses, pa-
nels, and settings.

2.2. Data processing

Data upload is handled via a convenient web form that also enables
to enter sample meta-data (e.g., sample name, notes, etc.) and to adjust
analysis parameters. Accepted input for toaSTR is a raw or compressed
(gzipped) FASTQ or FASTA file containing single-end reads or merged
paired-end reads. Reads must span the complete repeat region plus a
minimum of 30 nucleotides upstream and downstream the repeat re-
gion to be analyzed with toaSTR. Merging is only necessary after
paired-end sequencing. It refers to the process of assembling a read pair
by forming a consensus sequence of the overlapping 3’ ends and has
been described elsewhere [18,19].

toaSTR employs the BBTools suite (jgi.doe.gov/data-and-tools/
bbtools) for data pre-processing and calling of observations. Briefly,
the algorithm validates sample input using the testformat program and
performs a fast k-mer-based fuzzy search on all input reads in sense and
antisense orientation with bbduk. A read is called for an STR system if it
approximately matches a pair of internally defined recognition ele-
ments (REs) upstream and downstream of the repeat region in a fixed
order. REs are oligonucleotide sequences with a length of 14-25nt,
being likewise identifiers for an STR locus and boundaries for the repeat
region to be reported. Hence, their sequence and positioning is of
considerable importance for a correct sequence-based and length-based
genotype in accordance with forensic conventions. The valuable pre-
liminary work of Gettings et al. [20] enabled an efficient RE design
based on GRCh38 human reference genome sequences with annotated
repeat regions and flanking region variation. Per default two mis-
matches (i.e., a Hamming distance of 2) are allowed in each RE to ac-
count for SNPs (single nucleotide polymorphisms). A read is rejected if
it lacks the core repeat motif of the respective STR system (e.g., AGAT).
If necessary, reads are reverse-complemented to meet sequence or-
ientation conventions as described in Gettings et al. [20].

Reads with an identical repeat region are clustered to observations,
counting their respective coverage (i.e., the cluster size). Low-abundant
observations with a coverage below the user-defined analytical threshold
(AT, default 10 reads) are considered background noise arising from
stochastic sequencing errors. These observations are discarded to pre-
vent over-interpretation of data. The AT can be set in a range from 0 to
100 reads.

Subsequent steps involve alignment-free analysis of the repeat
structure and determination of the observation’s CE-concordant length.
toaSTR assigns a short name (i.e., the CE length) and a suffix if it finds
more than one observation with the same length (e.g., 8b). The ob-
servation’s sequence is formatted according to the common repeat no-
tation (i.e., core repeats in brackets with a number indicating the repeat
count). Formatting does not require error-prone manual interaction or a
database of reference allele definitions. Thus, toaSTR is able to identify
both known and previously unknown sequence variants.

Finally, each observation is classified into one of the three cate-
gories allele, stutter, or artefact, respectively. The classification bases on
the output of toaSTR’s sequence-based stutter prediction model, which
will be described in the following sections.

2.3. Stutter modelling
In a bioinformatics context, the term stutter modelling refers to the

approximate computational representation of a sequence-based stutter
generation mechanism. This concept aims at the prediction of stutter
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variants to identify non-allelic observations and distinguish them from
biological alleles.

It has previously been shown that the stutter ratio correlates with
the length of long uninterrupted repeat stretches within an STR region
[21-24]. Given this relation, we postulate that the sequence pattern of
the most frequently observed stutter variants derives from the longest
uninterrupted stretch (LUS) and the second-longest uninterrupted
stretch of repeats (SLUS, only in compound or complex STRs) of the
parent observation. This assumption adapts on the concept of a stutter
prediction algorithm described by Hoogenboom et al. [10].

toaSTR’s stutter model considers the nine most frequent stutter
products (Fig. 1). For every observation with a nominal length N, the
algorithm generates virtual stutter sequences in position N — 2, N — 1
(backward), N + 0 (isometric), and N + 1 (forward), as these are
commonly described stutter positions in MPS-STR analysis [7,25]. Se-
quences of virtual stutter variants are built by contraction or elongation
of the LUS and/or SLUS by one or more repeat units, respectively.
Variants are abbreviated with an index that denotes the nominal posi-
tion (—2, —1, 0, or +1) and an “A” for stutter in the LUS and “B” for
stutter in the SLUS, respectively (e.g., +1B, —2AB).’

Virtual stutter coverage calculation includes the parent observation's
coverage and the user-defined stutter threshold (ST) for the respective STR
system. The ST stands for the anticipated N—1 stutter ratio. It should be
determined empirically under defined conditions with replicates of well-
characterized single-person reference samples. A value of 20% would be a
conservative starting point. The expected stutter value (described in the
next section) may be used to calibrate the ST. The ST should be as low as
possible to sharply distinguish stutter from a possible allele with an
identical sequence. Conversely, the ST has to be high enough so that
stutter is not erroneously called as a true allele.

The commonly observed likelihood for stutter generation in dif-
ferent positions is reflected by a linear, quadratic, or cubic ST term:
Generation of forward stutter (N + 1) generally has a lower likelihood
than backward stutter (N — 1). Hence, the forward stutter calculation
includes a quadratic stutter threshold term (ST?) compared to a linear
ST term in the backward stutter calculation. Isometric stutter (0A, OB)
may be interpreted as a series of +1 and —1 stutter, and therefore
includes a cubic term (ST?) in the virtual stutter calculation. Similarly,
the quadratic ST is applied for N — 2 stutter, which can be considered
as a series of —1 and —1 stutter.

2.4. Classification of observations as alleles, stutter, and artefacts

If a virtual stutter sequence matches an existing observation in the
sample, the respective virtual stutter coverage is saved for that ob-
servation. The observation gets a source label (i.e., the stutter variant
index) to trace back the stutter generation path. Virtual stutter products
from multiple sources may be attributed to a single observation. The
sum of all virtual stutter coverages for an observation is called expected
stutter value. toaSTR does not filter reads marked as stutter nor ma-
nipulates input read counts; In fact, the observation’s status solely de-
pends on the relation between its coverage, the expected stutter value,
and the user-defined calling threshold (CT), as described in Table 1. The
CT (default 2%) is a relative value. It refers to the system coverage (i.e.,
the number of reads that were allocated to an STR system) and defines
the minimum coverage needed for an observation to be qualified as a
true allele. In other words, the CT differentiates true alleles from ar-
tefacts. Fig. 2 illustrates an exemplary classification process.

1 Since the discrimination between allele, stutter, and artefact is not known at
this point of analysis, also observations that are retrospectively identified as
stutter can generate virtual stutter themselves. However, this assumption is
supported by the fact that in a real-world PCR a stutter product may become a
PCR template again, which is consequently subjected to polymerase slippage
(thus leads to stutter).
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2.5. Marker panels

In toaSTR, panels are customizable collections of STR markers. A
panel defines which markers are to be analyzed and stores a user-de-
fined stutter threshold (ST) for each marker. A marker is defined by pre-
configured upstream and downstream recognition elements (REs)
flanking the repeat region. They were designed to support both com-
mercial and in-house developed STR PCR multiplex kits with minimum
requirements on amplicon design. The RE’s length, a maximum
Hamming distance of 2, and the fixed matching order facilitates high
stringency read calling while allowing a certain tolerance for possible
SNPs in the recognition sites.

At present, users can select from 24 autosomal and one Y-chromo-
somal STR markers as well as amelogenin, including all loci of the ex-
panded European Standard Set (ESS) and the expanded CODIS core set.

2.6. Compatibility and concordance study

An initial study was designed to test toaSTR’s compatibility with
sequence data from twelve reference and ring trial DNA samples. Data
was generated with three different sequencing platforms and various
combinations of forensic multiplex kits and library preparation che-
mistries (Table 2). Inter-assay and absolute concordance testing was
performed by comparing toaSTR analysis results among each other or
with CE fragment size and Sanger sequence data, respectively. Single
source genomic DNA from Standard Reference Materials SRM 2391c
(National Institute of Standards and Technology, Gaithersburg, MD),
2800M Control DNA (Promega, Madison, WI), and 9947A Control DNA
(Applied Biosystems, Foster City, CA) were used as absolute references
with known allele lengths and allele sequences, where appropriate. See
Supplementary Table S1 for literature references.

2.7. Sample preparation

DNA from GEDNAP (German DNA Profiling) ring trial samples 5252
(two person mixed sample) and 53PA (single person sample) was ex-
tracted using the High Pure PCR Template Preparation Kit (Roche,
Switzerland). Amplification, library construction and sequencing were
conducted as described in Table 2 according to the manufacturer’s re-
commendations (manuscript for the in-house multiplex kit in prepara-
tion). Sequence data for samples 9-12 were obtained from Faith and
Scheible [26]. Paired-end reads of samples 3-8 were merged with
bbmerge [19] and parameters: qtrim = r trimq = 20 mismatches = 0
margin = 0 entropy = f.

Prior to data analysis, panels were created in toaSTR to select the
markers to be analyzed and to define STs. FASTQ files were uploaded
and annotated using toaSTR’s upload form. Default values were used for
AT (10 reads) and CT (2%), except for sample 1 (CT = 5%).

3. Results
3.1. Reporting of results

toaSTR’s efficient algorithm takes less than one minute on average
to process an input file with 100,000 reads. The analysis result sum-
mary displays user-provided sample information and parameter settings
as well as the number of input reads and called reads. The genotype
table gives the STR markers as selected in the panel with their re-
spective coverages and the CE-like lengths of called alleles. Selecting a
marker in the genotype table opens the detailed results view (Fig. 3). It
shows all observations called for this system in a dynamic tabular and
graphical view, respectively. The sequences table displays each ob-
servation's CE-like short description, the status (allele, stutter, or arte-
fact), the detected coverage, the expected stutter value calculated by
the stutter model, and the formatted STR sequence. Observations can be
filtered based on their status. The optional ‘source’ column describes
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Fig. 1. The stutter modelling algorithm considers nine virtual
stutter variants in positions —2, —1, 0, and +1 relative to an
observation’s length N. Subscript numbers in the variant schemes
(blue color) indicate the gain or loss of repeat elements in the
longest uninterrupted stretch (LUS) or second-longest unin-
terrupted stretch (SLUS, only in compound or complex STRs).
Complex STRs may contain interspersed shorter repeat stretches
and non-repetitive sequences (indicated by “...”). Calculation of
the virtual stutter coverage includes the stutter threshold (ST) for
the respective STR system and the parent observation’s coverage
(Cov), as indicated at the arrows.

Table 1

Classification of alleles, stutter, and artefacts depending on the relation be-
tween the observation’s coverage (Cov), the expected stutter (ES) value and the
user-defined calling threshold (CT).

Relation Status Description

Cov > ES, Cov > CT Allele Alleles are considered correctly amplified and
sequenced DNA template of biological origin.

Cov > ES, Cov < CT Artefact Artefacts mostly represent sequencing errors or
low-level somatic mutations.

Cov < ES Stutter  Stutter is a product of PCR polymerase

slippage in repetitive regions of biological
alleles.

potential stutter generation paths identified by the stutter model. Un-
ticking the ‘reported’ checkbox for an allele excludes it from the bios-
tatistics export and parenthesizes it in the summary and the PDF report.

Data for each STR system is visualized in two diagrams (Fig. 3). The
CE simulation resembles a capillary electropherogram and shows how
marker peaks would appear in familiar fragment analysis. In this view,
peak height represents the length-dependent coverage without any
discrimination of (iso-)alleles, stutter, or artefacts. The MPS histogram
groups observations by CE length in a stacked bar chart and colors them
according to their status. Hovering over a bar displays the sequence and
status in a tooltip.

toaSTR enables result export as an archivable and printable PDF file
as well as comma-separated values (CSV format). The PDF report
summarizes the analysis and contains detailed results for each marker.
Sequence annotation herein follows the ISFG recommendations on a
comprehensive nomenclature system [27], including the locus name,
CE-like allele name, chromosome, human reference genome assembly
version, repeat region coordinates of the reference allele, and the STR
sequence in compressed notation. CSV export is an experimental in-
terface to support downstream analysis with biostatistics software. The
file contains observations that were classified as allele and selected to
be reported. Since to date biostatistics software has not been adapted to
sequence-based data, exported results are reduced to CE-like allele
names and their corresponding allele heights (i.e., allele coverages).

A comprehensive user manual and a FAQ section are available on
the toaSTR website.
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3.2. Concordance testing

Robustness of toaSTR was assessed with a dataset of twelve re-
ference and GEDNAP ring trial DNA samples. Four marker panels re-
presenting the PCR kits were created within the software and applied to
the respective samples. Supplementary Table S1 consists of a set of
Microsoft Excel spreadsheets (one for each reference DNA) which
compare length and sequence alleles reported by toaSTR. Another
spreadsheet contains panel configurations with stutter thresholds for
the selected loci. Additionally, Supplementary Material S2 includes
comprehensive PDF reports generated via the software’s data export
function.

Full STR profiles for up to 26 loci, depending on the amplification
kit, were produced for all samples evaluated. A total of 2,010 ob-
servations were called and automatically classified by toaSTR, in-
cluding 529 alleles, of which 512 alleles (96.8%) were immediately
concordant to references. In total, 17 borderline allele calls, which
marginally exceeded the expected stutter threshold or calling threshold,
were manually excluded in the software during expert review. After
review, length and sequence concordance reached 100%.

SRM 2391c Component A-C were prepared using the Promega
PowerSeq Auto/Mito/Y primer set (not commercially available) and the
Kapa Biosystems KAPA Hyper Prep library preparation Kkit.
Unidirectional sequencing was performed on an Illumina MiSeq. Alleles
were fully concordant to lengths and sequences as reported in the SRM
Certificate of Analysis. Observation 17.1 of D1S1656 in sample 9 was
manually classified as artefact (deletion of ‘TG’) since its coverage only
marginally exceeded the calling threshold of 2%. Three other ob-
servations of D2S441 and D22S1045 in samples 10 and 11 were
manually identified as forward stutter lightly exceeding the expected
stutter value.

Male control DNA 2800M was paired-end sequenced on the MiSeq
and MiSeq FGx, respectively. Multiplex PCR was performed with the
Illumina ForenSeq, the Promega PowerSeq prototype, and our in-house
21-plex Kkit, respectively. Libraries were prepared as indicated in
Table 2 using Illumina TruSeq LT, Nextera XT, or KAPA Hyper Prep.
Fragment sizes reported by toaSTR were concordant to the 2800M
product literature. Allele sequences were fully consistent across all
2800M samples. Two observations of D2251045 in samples 5 and 12
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Fig. 2. Exemplary observation classification for one STR system. a)
Observations called for this STR system. b) The stutter model identifies po-
tential stutter products and assigns virtual stutter coverages (dashed boxes).
Source labels (e.g., —2AA of 10) help to trace back the stutter generation path.
c) Observation classification: CE8, CE8b, CE9b have a coverage below the ex-
pected stutter (ES) value and thus are classified as stutter. CE9, CE10 have a
coverage above the expected stutter value and above the calling threshold (CT)
and thus are classified as allele. CE11 has a coverage above the expected stutter
value and below the calling threshold and thus is classified as artefact.

were manually classified as raised forward stutter. Although not offi-
cially part of the ForenSeq kit, alleles could also be called for the SE33
locus in sample 2.

STR markers of female DNA 9947A were amplified with the Thermo
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Fisher Early Access STR Kit v1. Ion AmpliSeq libraries were sequenced
on the Ion PGM. The corresponding sample 1 showed a fully concordant
profile. The D8S1179 marker was observed to be homozygous by
fragment size (allele 13) but heterozygous by sequence with respective
alleles [TCTA], TCTG [TCTA];; and [TCTA],3. Allele 19 for locus
D1S1656 was manually excluded because both its low coverage and its
sequence indicated an insertion artefact slightly above the calling
threshold. Sequencing data from the Ion PGM (sample 1) showed the
highest frequency of artefacts (Table 3). Loci D2S1338 and TPOX
contained a large amount of observations arising from transitions (T <
C or A<>G). InDels were seen, for example, in artefact 12.2 of
D10S1248, presumably coming from a ‘GA’ deletion of allele 13, or
artefact 17.1 of VWA which can be explained by a ‘C’ insertion of allele
17 (cf. Supplement S1 and S2).

DNA of GEDNAP 5252 (samples 3 and 6) and 53PA (samples 4 and
7) was prepared either with Promega PowerSeq/TruSeq LT or the in-
house 21plex/Nextera XT. toaSTR performed equally well on both da-
tasets and reported concordant allele sequences and lengths. Results for
52S2 indicated a two-person constellation with up to four alleles per
locus. Marker D21S11 contained two isoalleles of length 30. Also in
mixed samples, automatic differentiation of alleles against stutter and
artefacts was accurate. Sporadic deviations resulting from unexpectedly
high stutter or a raised artefact coverage were manually corrected.

4. Discussion

This software is a novel approach to simplify the access to MPS-STR
genotyping for investigators who do not want to delve deeper into
bioinformatics. Our developmental goals were to deliver a user-or-
iented, versatile tool that works independent of how data was gener-
ated in the wet-lab. Genotyping results are prepared for optimal human
readability and fast interpretation without neglecting the high in-
formation density and sensitivity of MPS data.

Within the examined cohort, up to 94% of input reads were un-
iquely called for an STR locus (Table 3). Calling ratio for some samples
was considerably lower, depending on whether the multiplex kit con-
tains other markers (STRs, SNPs, mtDNA) that are currently not ana-
lyzed by toaSTR. Simple, compound, and complex repeat structures
were automatically detected and formatted in the common bracketed
notation. toaSTR’s sequence compression works de novo, hence dis-
penses with the need for a database of known alleles. Reported se-
quences complied with forensic conventions as described by Gettings
et al. [20]. One exception is the InDel-STR-locus Penta D, which shows
a 13 bp insertion/deletion upstream of the repeat region. It required
shifting the recognition element and including the InDel in the reported
genotype in order to avoid a bioinformatic dropout in case of a deletion.
Generally, the genotyping algorithm employed by toaSTR can be easily
adapted to evolving forensic conventions by changing REs. Considera-
tions of the DNA commission of the ISFG [27] include a consistent
forward strand notation of STR sequences relative to the GRCh38 re-
ference genome assembly, which would affect twenty-three STR loci
historically aligned to the reverse strand. Since a change to the forward
strand may result in a potential shift of the reading frame, reported
repeat regions have to be strictly defined.

The stutter model appears to be a veritable approach to predict
stutter. Instead of applying a fixed interpretation threshold, predicting
stutter and respective coverages is carried out individually on a se-
quence basis. Based on the assumptions underlying the stutter genera-
tion model, results indicated that observations arising from stutter were
reliably identified as such. Focusing on the LUS and SLUS and the
nominal positions N — 2 to N + 1, respectively, appeared to be a valid
approximation of sequence-based stutter generation; stutter in other
repeat stretches or positions was negligible in this dataset. However,
validation of the stutter model should be performed on a wider data
basis. The goodness of fit of the stutter model could be measured by
analyzing the deviation of expected stutter value and actual coverage of
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Table 2

Dataset for compatibility and concordance testing. 2800M, 9947A: standard human genomic DNA; SRM2391c A/B/C: NIST Standard Reference
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Material 2391c

Component A/B/C; 5252, 53PA: GEDNAP 52/53 ring trial samples. PE: paired end, SE: single-end. R1: read 1, R2: read 2.

ID Sample Amplification kit Library preparation kit MPS platform Sequencing reaction toaSTR input
1 9947A Thermo Fisher Early Access STRKit vl Ion AmpliSeq Library Kit 2.0 Ion PGM Ion PGM Hi-Q Sequencing Kit SE 400 bases R1
2 2800M Illumina ForenSeq DNA Signature Prep Kit Illumina MiSeq FGx MiSeq Reagent Kit v2 PE 351 x 31 bases R1
3 5282 Promega PowerSeq Auto/Mito Mlumina TruSeq LT Illumina MiSeq MiSeq Reagent Kit v2 PE 251 x 251 bases Merged R1/R2
4 53PA
5 2800M
6 5252 In-house 21-plex Illumina Nextera XT Illumina MiSeq MiSeq Reagent Kit v2 PE 251 x 251 bases Merged R1/R2
7 53PA
8 2800M
9 SRM 2391c A Promega PowerSeq Auto/Mito/Y Kapa Biosystems KAPA Hyper Prep Kit Illumina MiSeq MiSeq Reagent Kit v2 SE 300 bases R1
10 SRM 2391c B
11 SRM 2391c C
12 2800M
N AN {RESH 10 reads 4 2 % (80 reads)
Electropherogram Histogram ® W e surer [l e
2,000 2 2,000 2
g A é
1,800+ 1,800
I 1
1,600 ’\ ~ ‘ \ 1,600 -|
1,400 ‘ ‘ | 1,400
1,200-] ( \ ’ \ 1200
1,000 f \ | 1,000 |
800 | J \ 200
|
600 ’ \ | \ 600 -
|
400 ’ ‘ " \ 400
[ |
200 | | 200+
A\ r 9 ,“ ‘v‘
- / \ — 0
10 1" 12 13 14 10 n 12 12 122 13 14
CE CE
Show alleles Show stutter Show artefacts Show source
REPORTED CE STATUS COVERAGE EXPECTED STUTTER SEQUENCE SOURCE
10 Stutter 16 97 [TAGA)S TAGG TGTG TGTG TG -1A0of 11,-2AA of 12,
n Stutter 177 308 [TAGA]10 TAGG TGTG TGTG TG +1A of 10,-1A of 12, -2AA of 13b,
11b Stutter 33 130 [TAGA]11l TGTG TGTG TG -1A of 12b,-2AA of 13,
1.2 Artefact 39 0 [TAGA)11l TAGG TGTG TGTG
v 1 Allele 536 9 A]1l TAGG TGTG TGTG TG +1Aof 11,-1A of 13b,
12b Stutter 268 386 [TAGA]12 TGTG TGTG TG +1A 0f 11b,-1A of 13,-2AA of 14,
22 Artefact 21 0 [TAGA] 13 TGTG TGTG
v 13 Allele 15 +1A0f 12b,-1A of 14,
13b Stutter 10 61 [TAGA]12 TAGG TGTG TGTG TG +1Aof 12,
14 Stutter 23 77 [TAGA]14 TGTG TGIG TG +1A0f 13,

Fig. 3. Screenshot of the result page for marker D1S1656 displaying an electropherogram simulation and an interactive histogram for data visualization. The lower
section gives automatically classified sequence observations and the option to override toaSTR’s suggestions. Expected stutter values and potential sources of stutter

enable traceability of theoretical stutter generation.

a stutter observation. Furthermore, the calculation of expected stutter
could be refined by adapting the stutter threshold to the length of the
repeat stretch. It was previously described by van der Gaag et al. [25]
that the stutter ratio positively correlates with the number of repeat
units and increases for alleles with longer uninterrupted stretches.
The subsequent automatic classification of alleles, stutter, and ar-
tefacts was largely accurate and required only minor correction by the
analyst. Hence, this feature may be a helpful support for the
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interpretation of single-source and multiple-source samples. For ex-
ample, at first sight, the two-person sample 3 (GEDNAP 52S2) showed
two main ‘peaks’ at locus D21S11. However, making use of the se-
quence information gained by MPS, the software readily identified two
isoalleles at position 30 and another allele at position 31. Additionally,
stutter products and artefacts having the same nominal lengths as al-
leles were correctly distinguished based on sequence variation. The
classification process may be further improved by flanking region
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Table 3

Forensic Science International: Genetics 37 (2018) 21-28

toaSTR data analysis for twelve reference and ring trial samples. Please refer to Table 2 for information on sample preparation.

D Sample Input reads Called reads Analyzed loci Number of observations
Alleles (Concordant) Stutter Artefacts

1 9947A 122,634 40,241 (33%) 18 30/30 35 119
2 2800M 325,250 64,742 (20%) 26 47/47 72 32
3 5252 222,787 70,343 (32%) 24 55/55 66 47
4 53PA 198,079 83,559 (42%) 24 41/41 71 50
5 2800M 191,378 53,826 (28%) 24 43/43 72 20
6 5282 131,711 122,355 (93%) 21 52/52 89 43
7 53PA 152,266 142,623 (94%) 21 36/36 67 53
8 2800M 113,794 107,429 (94%) 21 41/41 73 21
9 SRM 2391c-A 250,000 134,821 (54%) 24 39/39 89 83
10 SRM 2391c-B 250,000 80,434 (32%) 24 44/44 85 42
11 SRM 2391c-C 250,000 84,399 (34%) 24 41/41 88 43
12 2800M 250,000 71,763 (29%) 24 43/43 74 47

analysis, which is currently not supported by toaSTR. Flanking region
SNPs may be used to differentiate observations that even share an
identical repeat region [28].

Default parameters for the analytical threshold and calling
threshold proved to be suitable for Illumina data. In consistence with
our settings, Young et al. [7] considered an AT of 10 reads generally
sufficient for STR systems with coverages below 5000 reads. The de-
fault CT was set aspiringly low to 2% since this threshold also defines
the lowest detectable minor contributor proportion. Ion PGM data
(sample 1) contained a remarkable amount of InDel and substitution
errors, which were visible as high frequency artefacts with a significant
coverage. This circumstance required a CT setting of 5% for sample 1 in
order to classify these observations correctly as artefacts. It was shown
elsewhere that InDel errors accounted for the majority of errors in-
troduced by the PGM [8]. Results have to be interpreted with care,
however, as only a single sample from this platform was analyzed in the
present study.

Like with other sequence-search approach tools, calling of ob-
servations is sensitive to the recognition element (RE) sequences and
the mismatch tolerance. Reads have to span at least the complete repeat
region plus both REs to be analyzed with toaSTR. There is a potential
risk from two sides: Weak RE matching conditions may lead to bioin-
formatic drop-in, i.e. a false positive calling of reads. Bioinformatic
drop-out and imbalance, i.e. missing an observation, may occur in case
of an increased amplification error or sequencing error rate, incomplete
reads, or multiple SNPs in the RE site. However, our study indicated a
robust genotyping with toaSTR considering the high calling rates of
93%-94% with the 21-plex data, in which the toaSTR panel covers all
markers contained in the kit. Surveillance mechanisms could be im-
plemented to warn users if there is an indication of bioinformatic drop-
out. Assessing sequence quality scores could add another automated
filtering step, but would restrict input to FASTQ files. Subsequent multi-
centre evaluations are currently in the planning stage to extend testing
on a wider data basis and define optimal bioinformatics settings for
reliable genotyping.

When performing paired-end sequencing, toaSTR requires a manual
pre-processing of sequence data. Read merging (i.e., generating an as-
sembly of overlapping paired reads) can be done with cross-platform
Java tools like BBMerge [19] or FLASH [18]. We do not recommend
using the StitchReads parameter in the MiSeq Reporter software, since
reads that cannot be merged result in two single reads. This may arti-
ficially increase the number of called reads and skew results. Own ex-
periments suggested that, even with proper tools, merging repetitive
sequences is prone to error (data not shown). Consequently, analysts
may consider unidirectional (single-end) sequencing to avoid the need
for merging, as demonstrated with samples 9-12. Results of sample 2
indicated that read 1 of ForenSeq data is sufficient for toaSTR input, as
the quasi-unidirectional R1 already contains all necessary sequence
information.

27

The concept of this software includes seamless integration into ty-
pical forensic LIMS (laboratory information management systems).
Therefore, the software provides a data export interface. We suggested
a clearly laid out PDF export format that can be used to download and
save reported genotypes locally as a basis for STR profiling. Since
biostatistics tools are already available, we decided not to implement
probabilistic calculations in toaSTR. In future, the export function
should faciliate data exchange with biostatistics tools. Currently, this is
an experimental feature until the exchange format is clear and sequence
allele frequency databases are available. Furthermore, discussions with
biostatistics software developers have to clarify if filtering of observa-
tions should be applied before data export, how MPS information could
be reduced for CE-oriented software that cannot handle sequence data,
and how amplicon length information is correctly incorporated to
support continuous statistical models.

5. Conclusion

toaSTR is a proposal how to reconcile high-resolution STR geno-
typing and user-friendliness. This software was designed for forensic
investigators and does not require dedicated computing infrastructure
nor bioinformatics expertise. It meets the demand for a platform-in-
dependent solution, complies with nomenclature recommendations and
assists in the interpretation of results. The web app concept makes this
software easily available while addressing data privacy and security
concerns. toaSTR’s intuitive access via the web browser may simplify
handling of MPS in general.

Discussions have touched on possible future directions including
analysis of flanking region variation, refining the stutter model, and
improving input/output interfaces. This software is under continuous
development. We encourage forensic laboratories to test toaSTR and
greatly appreciate suggestions, bug reports and feature requests.
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and sequences for each sample in comparison with references.
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ABSTRACT

The application of massively parallel sequencing (MPS) in forensic sciences enables high-resolution short tandem
repeat (STR) genotyping for the characterization of biological evidence. While MPS supports multiplexing of a
large number of forensic markers, the performance of an MPS-STR panel depends on good primer design and
optimal PCR conditions. However, conventional strategies for multifactorial assay optimization are labor-in-
tensive and do not necessarily allow the experimenter to identify optimum factor settings.

Here we describe our new multiplex PCR assay, monSTR, which supports the simultaneous amplification of 21
forensic markers followed by targeted sequencing on the Illumina MiSeq. The selection of STR markers adapts on
the expanded European Standard Set (ESS), including the highly polymorphic locus SE33, for compatibility with
existing forensic DNA databases. Primer engineering involved bioinformatics tools to create a multiplex-com-
patible primer set. Primer quality was evaluated in silico and in vitro. We demonstrate the systematic optimi-
zation of multiplex PCR thermocycling conditions using Design of Experiments (DOE) methodology. The ob-
jective was to yield a specific, balanced, low-noise amplification of forensic targets. A central composite face
design of experiments enabled an efficient simultaneous investigation of multiple critical process parameters and
their interactions. Optimal multiplex PCR conditions were predicted using software-aided modelling based on
DOE data. Verification experiments suggested a balanced, reproducible amplification of all markers with re-
duced formation of artefacts. Fully concordant STR profiles were obtained for the investigated reference samples
even with challenging input DNA concentrations. We found that application of DOE principles enabled an ex-
perimentally practical and economically justifiable assay development and optimization, even beyond the field
of forensic genetics.

1. Introduction

Massively parallel sequencing (MPS) facilitates high-resolution for-

multiplex PCR kits for different MPS platforms have been developed
and evaluated. Kits are characterized by the number and choice of loci
and the amplicon design may support the analysis of SNPs and InDels in

ensic identity typing by discovering both length and sequence poly-
morphisms at short tandem repeat (STR) loci. Advantages of this
technology over conventional capillary electrophoresis (CE) methods
have been highlighted in recent studies: Exploiting intra-allelic se-
quence variation [1] provides additional information in complex for-
ensic cases and mixed samples; Restrictions regarding the spatial and
spectral amplicon layout are eliminated, allowing for an increased
number of loci that can be analyzed simultaneously [2]; Genetic in-
formation from highly degraded DNA samples can be recovered using
small amplicons (miniSTRs) [3]; High sensitivity is relevant especially
for challenging casework samples with low quantity of biological evi-
dence [4].

Various commercial [5,6], prototype [4,7], and custom [3,8,9] STR

* Corresponding author.

the flanking regions. Flanking variation may provide additional dis-
criminatory features to facilitate mixture deconvolution [10]. For
maximum compatibility with existing DNA databases, the multiplex
composition should be largely consistent with national and interna-
tional standard sets, respectively, such as the expanded European
Standard Set (ESS) and CODIS core locus set [11]. Since MPS provides
greater flexibility in terms of multiplex design, kits may be com-
plemented with interesting forensic markers like SE33, which is one of
the most informative tetranucleotide loci studied to date. SE33 is a core
locus for the German national DNA database DAD and is also adopted
by other laboratories in Europe [12]. Its highly polymorphic nature
exhibits complex length and sequence polymorphisms [13,14]. Varia-
tion in the flanking regions add to the extensive diversity [15].
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Although this marker is included in various CE-based kits (GlobalFiler,
NGM Select, ESSPlex, PowerPlex ESI/ESX 17), SE33 is not (officially)
available in published MPS-STR panels at the time of writing.

1.1. Strategies for multiplex PCR development

A multitude of parameters can affect the performance of a PCR
assay, including the design of primers, the composition of reagents, and
the thermocycling protocol. Careful primer engineering is essential for
successful amplification of targets. This is particularly true for multiplex
assays, which require not only a high target specificity, but also a
primer set with similar properties including melting temperature, GC
content, and amplicon size. Furthermore, each additional primer in-
creases the potential of undesired primer-template and primer-primer
interactions in highly multiplexed reactions. Upfront bioinformatics can
assist in the correct selection and validation of primers prior to ex-
pensive wet lab experiments. Automated primer designing tools have
been developed which support the specific needs of multiplex primer
design, such as handling multiple templates simultaneously. These
programs include FastPCR [16], MPprimer [17], and others. MPprimer
uses the popular Primer3 program [18] as primer design engine, which
allows for a great flexibility to control sequence and primer parameters.
To avoid primer dimerization, MPprimer examines the stability of
complementarity of two primers based on thermodynamics.

When a set of candidate primers was designed, it is appropriate to
perform a computer simulation of PCR. For a given set of primers and a
DNA template, in silico PCR, also termed virtual PCR or ePCR, predicts
which PCR products are synthesized [19]. A number of tools are
available, including Primer-BLAST [20], UCSC In-Silico PCR [21], and
MFEprimer [22]. MFEprimer is suitable for multiplex PCR analysis,
accepting a large number of primers to check against a whole genome
sequence. The program determines which (cross-primer) amplicons are
likely to be amplified and estimates the formation of primer dimers and
hairpin structures. However, in silico PCR does not replace in vitro
testing of primers to ensure an efficient and specific amplification of
targets.

The complex interactions among the components of a multiplex PCR
assay make it unlikely that a standard set of reaction conditions would
be optimal for all situations [23]. Thus, every newly developed PCR
application requires optimization of critical process variables to achieve
good analytical performance. Requirements for a forensic identity panel
would include, among others: specific amplification of targeted loci,
while allowing a certain tolerance for genotypic variation like muta-
tions in primer binding sites; balanced amplification, hence equal depth
of coverage across all loci (inter-locus balance) and locus alleles (het-
erozygous balance); low tendency to form stutter products and other
technical artefacts (herein referred to as noise) due to polymerase
slippage and polymerase error, which can be a problem impacting in-
terpretation. Surprisingly, except for the adjustment of primer con-
centrations, optimization of global assay conditions was not discussed
in recent articles introducing in-house constructed MPS-STR marker
panels [3,9].

However, several reports on general multiplex PCR development
and optimization have been published. Important aspects of those
strategies are briefly summarized below. We can ignore issues re-
garding the spectral and spatial distribution of amplicons, since MPS
eliminates these restrictions by design. Henegariu et al. [23] provided
an extensive discussion of factors that can influence the amplification,
including times and temperatures of the PCR protocol, concentration of
reaction components, and the use of adjuvants. Multiplex PCR optimi-
zation was understood as a step-by-step protocol of practical solutions
to overcome commonly encountered problems. The report describes
sequential alterations of cycling conditions and reaction components
aiming at a higher yield of PCR products and an increase of reaction
specificity. However, we believe that such a sequential optimization
approach makes it difficult to understand potential interactions
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between factors. Butler [24] suggested a development strategy focusing
on careful primer design and empirical testing. The protocol included
the evaluation of primer functionality and specificity as well as per-
forming sensitivity and consistency studies. Optimization of thermo-
cycling conditions was not subject of the discussion. Edwards and Gibbs
[25] emphasized the importance of similar reaction kinetics of all pri-
mers in the set. It was recommended to develop PCR conditions sepa-
rately for each primer pair. The authors proposed to add primer pairs
sequentially to the multiplex assay and to alter the conditions as ne-
cessary. In our opinion, however, choosing an appropriate experimental
design would allow optimization of PCR parameters in parallel rather
than serially.

1.2. Introduction to experimental design

While every scientific experiment has a design, some designs are
more thoughtful than others. With well-designed experiments, it takes
less time and effort to gain knowledge about the system. When de-
signing a series of experiments to investigate the effect of multiple input
variables (referred to as factors) on the process performance (response),
there are essentially three possible approaches.

Under the common, intuitive approach the investigator modifies
one factor at a time (OFAT). It requires varying the first factor until an
optimum is found while every other factor is held constant. Based on
the optimal value of the first factor, the remaining factors are changed
separately in successive experiments (Fig. 1A). This method involves
only few measurements; as an example, an optimization series of three
factors each at four discrete levels would include 4 + 3 + 3 = 10 ex-
periments (replicates not included). However, this design does not
thoroughly explore the space of possible solutions and will most likely
lead to locally optimal target values, while the global optimum has not
been reached [26]. Moreover, it neglects interactions between factors:
An isolated factor may exert only little influence on the process per-
formance, but rather the interaction of two factors may strongly affect
the response.

The matrix method sequentially tests every factor against all levels
of all other factors in order to include all possible combinations
(Fig. 1B). Such an approach allows interactions between factors to be
estimated but is inefficient because the number of experiments in-
creases dramatically if many factors are considered. The optimization
series exemplified above would require 4° = 64 separate runs, ex-
cluding replicates.

The Design of Experiments (DOE) methodology suggests a more
sophisticated approach for the optimization of a multifactor process,
such as multiplex PCR. Recent reviews [27,28] provide an excellent
introduction to this concept. Briefly, DOE is a framework that assists in
planning and performing systematic trials. Statistically designed ex-
periments enable the investigator to rapidly identify significant factors
and complex interactions. DOE provides a steep learning curve in the
sense that informative data can be obtained with a minimum number of
assays and minimal cost [29]. Experimental design techniques have
been used successfully across numerous industries and research fields.
First described by Fisher [30] in the 1920’s in an agricultural applica-
tion, DOE has been widely used in the field of engineering [31]. Other
reports include applications in biotechnology [28,32] and molecular
biology, where DOE was employed for the optimization of cDNA mi-
croarrays [33], PCR [34-36], multiplex PCR [37,38], and real-time PCR
[39,40]. Application has also been found in the optimization of PCR
conditions for microsatellite genotyping in a medical [41] and forensic
[42] context. However, DOE methods have not been described yet in
the context of MPS.

Depending on the objective of the study to be performed, different
types of geometric experimental designs are available [43]. A selection
of classical designs is described here. Two-level full factorial designs are
constructed by testing every factor at two levels. They are useful for
early phase screening applications to determine the most significant
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Fig. 1. A—E: graphic representations of experimental designs with three factors
X1, X2, X3. F: exemplary response surface plot obtained from an RSM design; The
response surface represents a map of the system which allows to locate op-
timum conditions depending on variable settings of two factors (for visualiza-
tion purposes, other factors are fixed at constant levels).

factors that influence the system. The experimental space covered by a
full factorial design in three factors at two levels would be a cube with
the experiments on its eight corners (Fig. 1C). It also includes a re-
plicated center point in between the high and the low levels to assess
the replicate error. The orthogonality of this design (i.e., each factor can
be evaluated separately) allows for the estimation of linear effects as
well as factor interactions [27]. However, such designs can lead to large
numbers of experiments as the number of factors increases.

Fractional factorial designs (Fig. 1D) are balanced subsets, or frac-
tions, of the full factorials. They are suitable for studies where four or
more factors are of interest, such as in a robustness test or a screening
study. Fractional factorial designs offer a reduction in measurements
and still can analyze main effects and lower order interactions [28].

Once the investigator is confident that the most influential factors
and their relevant ranges were identified, an optimization study may be
performed to locate the optimum conditions within the experimental
region. Appropriate composite designs are part of the response surface
methodology (RSM) design family (Fig. 1E). They combine factorial
designs with additional levels to obtain precise information about
magnitude, influence, and interactions of the factors, including second-
order (quadratic) effects [43]. RSM designs provide a map of the system
in the form of a response surface plot (Fig. 1F), allowing to explore the
behavior inside the limits of the region studied. Data from these ex-
periments are used to build a predictive mathematical model. The
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model is a polynomial equation that describes a relationship between
input factors and measured response values, weighted by regression
coefficients. It allows for the approximation of responses based on a
given combination of factor levels and thus is a useful tool to maximize
the information available from limited experimental data [44].

In the present report, we propose an efficient and transparent
strategy for MPS-STR multiplex assay development and optimization.
Primers for our forensic identity panel monSTR, targeting 21 markers,
were constructed and evaluated in parallel using a bioinformatics
workflow. We demonstrate the use of DOE methods to identify op-
timum settings of critical thermocycling parameters. The aim was to
maximize multiplex assay performance with respect to high amplifi-
cation specificity and high interlocus balance as well as low formation
of technical artefacts.

2. Materials and methods
2.1. Source of template DNA

Single-source human DNA LC3 was used for multiplex optimization
experiments. For this purpose, whole blood was obtained from an
anonymous donor with informed consent. DNA was extracted from
200 ml of blood using the High Pure PCR Template Preparation Kit
(Roche, Switzerland) as recommended by the manufacturer. The
quantity of recovered DNA was estimated using the Qubit 2.0 fluo-
rometer with the Qubit dsDNA HS Assay Kit (Thermo Fisher, Foster
City, CA). For concordance testing purposes, CE STR analysis of control
DNA LC3 was accomplished using the PowerPlex 21 System (Promega,
Madison, WI), PowerPlex ES SE33 Monoplex System (Promega), and
VeriFiler Direct PCR Amplification Kit (Applied Biosystems, Foster City,
CA) according to the manufacturers’ protocols. Amplified product was
separated in the 310 Genetic Analyzer (Thermo Fisher) and data was
analyzed using GeneMapper ID software v3.2 (Thermo Fisher). 2800 M
control DNA (Promega) and 9948 control DNA (Applied Biosystems)
were used as complementary reference materials.

2.2. Selection of STR loci

The composition of monSTR was inspired by the expanded
European Standard Set. This multiplex assay targets 21 forensic mar-
kers including D1S1656, D2S1338, D2S441, D3S1358, FGA, CSF1PO,
SE33, D75820, D851179, D10S1248, THO1, D12S391, vWA, D13S317,
Penta E, D16S539, D18S51, D19S433, D21S11, Penta D, and amelo-
genin.

2.3. Primer engineering

We utilized a combination of bioinformatics tools to design and
evaluate a primer set that meets our quality criteria for multiplex am-
plification of 21 targets.

First, MPprimer software v1.5 [45] was used to create an initial set
of 42 candidate primers in parallel that are compatible for multiplexing.
An MPprimer configuration file was set up to define primer conditions
for each locus, including: 1) optimal primer size: 22 bp; 2) optimal
melting temperature (Tm): 64 °C (estimated by the NEB Tm Calculator
https://tmcalculator.neb.com/); 3) optimal GC content of primers:
50%; 4) predicted optimal amplicon size range: 250-350 bp, except for
amelogenin: 150-200 bp. Other MPprimer parameters were left to their
default values. Annotated reference sequences of 20 STR loci were
obtained from Gettings et al. [15]. Sequence information of amelogenin
was collected from NCBI GenBank (accession number NG 008011.1).
SNP locations and allele frequencies were obtained from the 1000
Genomes Project Phase 3. SNP sites that may not overlap primers were
specified in the MPprimer configuration file. Since the reference se-
quence allele used for primer design only represents one of the possible
alleles, the desired amplicon size for each locus was adjusted according
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to the average allele length reported on STRBase (https://strbase.nist.
gov/).

Second, the candidate primer set was manually reviewed for an
additional criterion that could not be implemented in the MPprimer
process. Expected amplicons should contain as much flanking region
variation as possible while taking into account the maximum amplicon
size. If necessary, primers were re-constructed using the visual primer
design tool Primaclade [46], while respecting the above-mentioned
requirements.

Third, MFEprimer v3.0 [47] was used to predict amplicons and
estimate potential non-specific (cross-) amplification between primer
pairs, primer dimerization and hairpin formation. In silico PCR was
performed with the revised set of 42 primers from step two. Human
reference genome assembly GRCh38.p10 was selected as DNA re-
ference. Unreasonable results were filtered out by setting the maximum
amplicon size to 1000 bp and the minimum Tm to 50 °C. Other MFE-
primer parameters were left to their default values.

Illumina Nextera XT overhang adapter sequences [48] were added
to the 5-ends of forward and reverse primers, respectively, to make
amplicons compatible for sequencing on the Illumina platform. Primers
were synthesized at TIB Molbiol (Berlin, Germany). The functionality of
each primer pair was tested in singleplex PCR. Size and specificity of
PCR products was examined using the Agilent Bioanalyzer 2100 with
the DNA 7500 Kit (Agilent Technologies, Palo Alto, CA).

2.4. Experimental design

Multiplex PCR thermocycling conditions were to be optimized in
order to yield a balanced, specific, low-noise amplification of targets.
The number of potential critical process variables was narrowed down
based on the experience of previous multiplex optimization studies
[23-25]. We considered four quantitative input factors to have a sig-
nificant effect on multiplex PCR performance: annealing temperature
(ATemp), annealing time (ATime), extension time (ETime), and the
number of PCR cycles (Cyc) (Table 1). The ranges in which factors were
varied were established according to the general guidelines [49] for the
NEB Q5 master mix, which was used for PCR setup.

We defined three statistical measures as response variables to ex-
press the optimization goals (Table 2): 1) The coefficient of variation of
the coverage (CV) of all loci reflects the inter-locus amplification im-
balance and should be minimal; 2) The calling ratio (CR) expresses the
PCR specificity (i.e., the ratio between on-target reads and total reads)
and should be close to one; 3) The average signal-to-noise ratio (SN)
describes the mean coverage ratio of biological alleles and non-allelic
observations (the latter including stutter and other technical artefacts
originating from the analytical scheme). SN should be maximal.

The complexity of this biological process suggests interactions be-
tween factors and necessitates a quadratic mathematical regression
model to obtain a reliable fit of the experimental data. Therefore, we
selected a central composite face design (CCF) from the RSM design
family, which enables the investigation of non-linear relationships and
factor interactions while requiring minimum experimental effort. The
four-factor CCF design geometrically corresponds to a regular four-di-
mensional hypercube. CCF is a fractional factorial design encoding
three levels of each explored factor (low, medium, and high setting). It

Table 1
Definition of variable process parameters (input factors) and investigated
ranges.

Factor Abbreviation Range
Annealing temperature ATemp 58-66 °C
Annealing time ATime 20-40 s
Extension time ETime 30-90 s
Number of cycles Cyc 25-35
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contains replicated center point experiments enabling to estimate the
control over the experimental procedure, and star point experiments on
the faces of the hypercube to assess second-order (quadratic) effects.
The design resulted in twenty experiments with unique factor combi-
nations plus three center point replicates, i.e. a total of 23 experiments.
Located in the center of the experimental space, the center-point set-
tings reflect standard thermocycling conditions as suggested by the
manufacturer of Q5 PCR reagents [49]. To eliminate the effect of any
nuisance influences, all experiments were done in a randomized order.

2.5. Multiplex PCR setup

Amplifications were performed as single-tube reactions in a volume
of 25 l, containing 12.5ul Q5 Hot Start High-Fidelity 2X Master Mix
(New England Biolabs, Ipswich, MA), 5pl primer mix, 1 ul DNA tem-
plate, and 6.5ul water. The initial primer mix contained equimolar
concentrations of each primer pair. After multiplex PCR optimization,
concentrations for each primer pair were adjusted empirically.

One nanogram of LC3 template was used for all DOE experiments.
For primer adjustment, serial dilutions of LC3, 2800 M, and 9948 were
prepared, resulting in DNA input of 2ng, 1ng, and 500 pg DNA, re-
spectively. Sensitivity study involved a dilution of 2800 M in duplicates
to 1 ng, 500 pg, 250 pg, and 125 pg, respectively.

Thermal cycling was conducted in a Mastercycler pro S (Eppendorf,
Germany) under the conditions described in Table 3. Settings for
variable factors (ATime, ATemp ETime, Cyc) were defined by the ex-
perimental scheme (Table 4) and were subject of optimization.

2.6. Library preparation and sequencing

After multiplex PCR, amplicons were purified and left-side size-se-
lected in a single step using Agencourt AMPure XP paramagnetic beads
(Beckman Coulter, Jersey City, NJ) with a bead:sample ratio of 0.8
according to the manufacturer’s protocol [50]. Indices and sequencing
adapters were attached to purified amplicons in a limited cycle index
PCR using the Nextera XT index kit (Illumina) under the following
conditions: 98 °C for 30s, 8 x (98 °C for 10s, 62 °C for 30s, 72 °C for
305s), 72 °C for 5 min A bead:sample ratio of 0.7 was used for the second
PCR cleanup. The quality of purified libraries was evaluated by ex-
amining the size distribution and the absence of primer species on the
Agilent Bioanalyzer 2100 with the DNA 7500 Kit (Agilent Technolo-
gies). Indexed DNA libraries were quantified using the NEBNext Library
Quant Kit for [llumina (New England Biolabs), normalized to 4 nM, and
pooled at equal volumes. After dilution to a final concentration of
10 pM, libraries were sequenced on the MiSeq platform using Reagent
Kit v2 chemistry (Illumina) and performing 2 x 250 cycles of paired-
end sequencing.

2.7. Data processing and analysis

Primary data analysis (base calling, quality scoring, and demulti-
plexing) was conducted using the MiSeq on-board software Real Time
Analysis and MiSeq Reporter. Raw FASTQ files were subjected to
quality filtering and merging using the bbmerge program [51] with
parameters: qtrim = r trimq = 20 mismatches = 0 mininsert = 180.

STR genotyping and result interpretation were performed with
toaSTR v1.0.0-betal4 [52] with default analysis parameters. Classifi-
cation of allelic observations (signal) and non-allelic observations
(noise) was done automatically based on toaSTR’s stutter modelling
algorithm and manually reviewed by an expert. Stutter thresholds used
for the monSTR panel can be obtained from Supplementary Material S1.
If more than three locus dropouts were observed in a profile, the re-
spective experiment was excluded from analysis. Concordance of gen-
otypes was checked against reference DNA certificates or CE results,
respectively.

Creation of the CCF experimental design and statistical analysis
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Definition of responses with target optima, acceptable minimum and maximum values, and mathematical relations. SD: standard deviation, Cov: coverage, N:

number of loci.

Response Abbreviation Minimum Target Maximum Calculation
Coverage coefficient of variation cv - 0 0.8 cv = SPcov
Cov
Calling ratio CR 0.8 1 - _ Readscalled
CR=—"—""—
Readsinput
Average signal-to-noise ratio SN 15 oo -

1 ZN Covalleles,i
NI=1 Counoise, i

Table 3
Basic multiplex PCR thermocycling conditions and variable factors that were
subject of optimization.

PCR step Time /s Temperature / °C Cycles
Initial denaturation 30 98 1
Denaturation 10 98 variable (Cyc)
Annealing variable (ATime) variable (ATemp)
Extension variable (ETime) 72
Final extension 120 72 1
Hold infinite 4 -
Table 4

Matrix of experiments and response values included in the CCF design with four
factors.

Experiment ATemp/°C ATime/s ETime/s Cyc CV CR SN

N1 58 20 30 25 0.70 0.89 35.1
N2 66 20 30 25 280 097 185
N3 58 40 30 25 0.47 0.75 30.2
N4 66 20 90 25 1.81 097 124
N5 58 40 90 25 045 085 224
N6 66 40 90 25 1.80 097 13.0
N7 58 20 30 35 0.85 0.46 23.1
N8 58 40 30 35 0.76 0.40 227
N9 66 40 30 35 1.71 091 132
N10 58 20 90 35 0.84 072 219
N11 66 20 90 35 1.48 091 125
N12 66 40 90 35 1.66 090 14.8
N13 58 30 60 30 0.63 0.73 28.6
N14 66 30 60 30 1.43 096 188
N15 62 20 60 30 0.94 092 252
N16 62 40 60 30 0.81 091 201
N17 62 30 30 30 1.18 0.76 28.7
N18 62 30 90 30 0.83 091 17.6
N19 62 30 60 25 0.58 0.92 30.0
N20 62 30 60 35 1.04 069 21.2
N21 62 30 60 30 0.73 0.89 287
N22 62 30 60 30 0.72 093 275
N23 62 30 60 30 0.72 093 275

were performed using MODDE Go software v12.0.1. (Sartorius Stedim
Data Analytics, Umed, Sweden). Based on toaSTR output and observa-
tion classification, response values for CV, CR, and SN were calculated
as described in Table 2 using Microsoft Excel. Response values were fed
back into the MODDE software for model generation by means of
multiple linear regression (MLR). MLR is a method for fitting a linear
regression model to the observed data. A model can be written in the
form y =[3-X + ¢, where y is an n-dimensional vector of response values;
B is a k-dimensional vector of regression coefficients; X is a 1+n*k
matrix of model terms including the constant; and ¢ is an n-dimensional
vector of residuals. An equation system is said to be linear when it can
be expressed as a linear combination of the B-coefficients, while it does
not matter that the regression models may also include higher order
polynomial (quadratic, qubic) x-terms. MODDE uses the singular value
decomposition approach [43] to solve the equation system by mini-
mizing the sum of squares of the distances between modelled and
measured data points. Subsequent statistical validation of regression
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models was based on ANOVA. Evaluated parameters are presented in
results Section 3.4 and in Supplementary Material S2.

3. Results
3.1. MPS-STR multiplex construction

We designed a multiplex PCR kit for the single-tube co-amplification
of 21 forensic markers using a semi-automated primer engineering
workflow. All primers fulfilled the criteria as set out in the primer en-
gineering section. The target specific part of primers (without Illumina
overhang) had a length between 19-27 bp (mean 22 bp) and an average
GC content of 44% (30-55%) with melting temperatures in a narrow
range around 64 °C (61-66 °C). Most amplicons were predicted to have
a uniform size between 250 and 350 bp (Fig. 2). Loci with a wider
distribution of length-based alleles (FGA, SE33, Penta E, and D21S11)
may generate amplicons slightly larger or smaller in size depending on
the number of repeats. The amelogenin fragment was intentionally
designed shorter in order to serve also as a sample degradation control.

The amplicon layout was asymmetric by design. We intended to
include as much flanking region variation as possible while complying
with the upper amplicon size limit and other primer criteria. This partly
resulted in unequal lengths of the left and right flanking regions. By
adopting this approach, up to eleven SNP sites could be included per
amplicon (Fig. 3). Supplementary Material S1 details SNP locations
including rs numbers and allele frequencies as shown from 1000
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Fig. 2. PCR product sizes (without Illumina overhang) of the monSTR multi-
plex.
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Fig. 3. Asymmetric amplicon design illustrating the target-specific primer
binding sites (fwd, rev), repeat region, and amplified flanking regions. Each dot
indicates a SNP location color-coded according to its 1000 Genomes global
minor allele frequency (MAF). Size of the repeat region corresponds to the re-
spective GRCh38 reference genome allele.

Genomes Project Phase 3. Most amplicons cover at least one SNP with a
global minor allele frequency (MAF) = 1%. The multiplex assay also
includes twelve SNPs representing highly informative levels of flanking
region variation, defined here as having a global MAF = 10%. These
SNPs are: rs4847015 in the D1S1656 locus; rs79534691 in the D2S441
locus; rs6736691 in the D2S1338 locus; rs16887642 in the D7S820
locus; rs2246512 in the D10S1248 locus; rs11063971, rs11063970,
rs11063969, rs75219269 in the VWA locus; rs9546005, rs9531308 in
the D13S317 locus, and rs11642858 in the D16539 locus.

In silico PCR with this primer set suggested a highly specific am-
plification and low tendency to form primer dimers and hairpin struc-
tures. MFEprimer predicted exactly 22 amplicons (20 STRs, amelogenin
X and Y). Only two of 42 primers, D8S1179 forward and D12S391
forward, showed a potential to form a hairpin structure. Additionally,
one potential heterodimer formed of the D18S51 reverse and amelo-
genin reverse primer was indicated. However, the lower binding sta-
bility (Tm =23°C, AG = —3.14kcal/mol  compared to
AG < —20kcal/mol for all other amplicons) indicated that this struc-
ture would likely not exist under real PCR conditions. All targets were
amplifiable in singleplex PCRs under standard conditions and the pro-
duced fragments were within the expected size range.

3.2. Sequencing run information

MiSeq sequencing runs for this study had a mean cluster density of
806 *= 50 K/mm? An average of 92.9 = 1.2% of clusters passed fil-
ters. In total, 3.1 GB of data was obtained with 6.1 M reads. Among the
reads, 87.3 = 2.2% of bases satisfied a quality score of 30 (Q30). After
merging of paired-end reads and quality filtering, 4.2 M reads were
subjected to toaSTR analysis. In the DOE experimental series, the mean
coverage per sample was 53,914 + 17,541 reads and on average
2,165 = 2,670 reads per locus were called in toaSTR. Confirmation
and sensitivity studies showed a mean coverage per sample of
65,049 = 2,068 reads and on average 2,562 * 1,174 reads were
called per locus.
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3.3. Evaluation of raw data

Twenty experiments with unique thermocycling conditions plus
three replicates (N1-N23) were performed according to the experi-
mental design (Table 4). Sample N2 was excluded from analysis due to
dropout of six loci (CSF1PO, D10S1248, THO1, D12S391, vWA, ame-
logenin), which was probably a result of highly unfavorable PCR con-
ditions in this experiment. Not more than two locus dropouts were
observed in the other samples. The analysis of experimental data in-
volved three basic steps, including (i) evaluation of raw data, (ii) re-
gression model generation and analysis, and (iii) model interpretation.

Each experiment represented a unique combination of factor set-
tings (Table 4). The obtained responses were visualized in replicate
plots in order to estimate replicate variation versus overall variation.
Replicate plots for the three responses coverage coefficient of variation
(CV), calling ratio (CR), and average signal-to-noise ratio (SN) are
shown in Fig. 4. In all cases the variation in the three center point re-
plicates (N21-N23, blue rectangles) was much smaller than the varia-
tion in the entire investigation series, suggesting good control over the
experimental procedure. Data also ensured that the expected range of
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Fig. 5. Scaled and centered regression coefficients after model refinement. The
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creasing or decreasing the response value, respectively. A high CV value (A)
was unfavorable, while high CR and SN values (B, C) were favorable. Dominant
factors are highlighted. An asterisk denotes an interaction between two factors
or a quadratic effect. Superimposed 95% confidence intervals.

response values was covered.

3.4. Generation of multiplex PCR models and regression analysis

Statistical models were generated by applying multiple linear re-
gression (MLR) to the experimental data. MLR is based on finding the
regression model which minimizes the residual sum of squares of the
respective response. Generally, a model of second order includes linear,
quadratic, and interaction terms of factors which are weighted by their
regression coefficients. The value of a coefficient indicates the response
change as the factor moves from its standard condition (i.e., the center
point setting). Coefficient plots (Fig. 5) were used to identify driving
factors as well as insignificant terms in order to refine the models by
excluding the latter. Confidence intervals give the uncertainty of coef-
ficients and enable to estimate the significance of model terms. In case
factors or interactions had no determinable effect, i.e. the confidence
interval included zero, they were removed from the model, except
otherwise stated.
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Apparently, the CV model (Fig. 5A) was dominated by the factor
ATemp (0.51 = 0.08, p = 1.2107°). Rather large squared terms
ATemp*ATemp and ETime*ETime were detected (an asterisk denotes
an interaction between two factors or a quadratic effect). Although
linear terms for ETime and Cyc were not significant as their confidence
intervals included zero, they remained in the model since they were
part of higher order terms or interaction terms. ATime was completely
removed from the model as it had no detectable effect on CV.

Fig. 5B illustrates ATemp and Cyc had a strong impact on CR
(0.10 * 0.03, p = 6.3710"® and -0.11 * 0.02, p = 4.810 7). These
factors also participated in several quadratic and interaction terms in
this model with partly contrary effects. ATime had a comparatively
little influence. The CR model was characterized by a number of in-
teractions between factors and second order terms.

Interestingly, ATemp (—4.18 + 1.42, p = 2.510~°) was also the
most important factor on SN (Fig. 5C). The second-most influential
factor, ETime, amounted to —3.46 = 1.42 (p = 1.510%). A rather
large interaction, ETime*Cyc, was also detected (2.64 = 1.44,
p = 1.6:10%). The quadratic term ETime*ETime was a borderline case
according to the confidence interval assessment (p = 0.06) but re-
mained in the model since its exclusion would have decreased model
quality. Comparable to the other models, the linear ATime term did not
impact the target value of SN significantly (p = 0.26). However, a
strong negative quadratic effect ATime*ATime was observed
(=291 *= 2,52, p = 0.03).

Upon deletion of several insignificant regression terms, we analyzed
commonly proposed statistical parameters (‘summary of fit’) to assess
the model quality. The parameter R? (explained variation) is a measure
how well a model fits current response data. An R? of 1 indicates a
perfect model. The obtained R? values were 0.96, 0.98, and 0.95 for CV,
CR, and SN, respectively. The Q? value (predicted variation) represents
the goodness of prediction for future data and should be > 0.5 for a
good model [43]. It amounted to 0.87, 0.91, and 0.82, respectively, for
CV, CR, and SN. The model validity, which is based on the ANOVA lack
of fit test, was above the common reference value of 0.25 for CR and
SN, indicating valid models. A negative value for the CV model was
considered an artifact arising from an extremely small replicate error
due to almost identical replicates N21 — N23. The fourth parameter,
reproducibility, is an indicator of the replicate error in relation to the
overall variation. It amounted to 0.99, 0.98, and 0.99, respectively, and
suggested excellent reproducibility and good control of the experi-
mental procedure.

Normal probability plots (N-plots) displaying the distribution of
residuals were used to search for deviating experiments (outliers) that
might skew the models. Except for experiment N2, which has already
been excluded previously due to a large number of locus dropouts, no
outliers were detected. N-plots and complementary statistics are
available in Supplementary Material S2.

Inserting regression coefficients yielded the following model equa-
tions, which describe the behavior of the multiplex PCR system in the
region studied:

CV = 0.79 + 0.523 — 0.05x3 + 0.05x4 + 0.21x% + 0.19x3x3 — 0.12x7x4
+e

CR = 0.88 + 0.09x; — 0.02x; + 0.06x3 — 0.11x4 + 0.03x;x%, — 0.04x3%3
— 0.07x4x4 + 0.07x15 — 0.02x3x3 + 0.08xx4 — 0.0d%6x; + €

SN = 25.94 — 418X] bl 07ZX2 - 3.47X3 bl 2.61.>C4 - 2.91XZX2 - 2.41}C3X3
+ 0.996x; + 2.64x3x4 + €

with x1: ATemp, x2: ATime, x3: ETime, x4: Cyc, e: residual error. The
regression coefficients were scaled and centered, therefore the constant
terms relate to the estimated response value at the design center-point.

The p-values for the models were determined to be p
(CV) = 2.301078, p(CR) = 5.31:107, p(SN) = 1.16:10°°, indicating
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Fig. 6. Response contour plots showing the predicted responses as a function of
annealing temperature and number of PCR cycles. Other factors were fixed at
constant levels (annealing time = 30 s, extension time = 60 s). Values in white
boxes are given in the unit of the respective response.

that the variance that can be explained by the models is significantly
larger than the unmodellable (residual) variance. The models were
subsequently used to predict the responses for any condition within the
experimental space and to draw conclusions about optimal factor set-
tings.

Table 5
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3.5. Model interpretation and optimization of thermocycling conditions

The main objective of an optimization approach guided by DOE is to
convert experimental data into an informative map of the system under
investigation. Response contour plots (Fig. 6) allow localization of the
optimal working zone which will enable the best outcome of the re-
spective response. After the factors ATemp and Cyc were identified as
driving forces in all three models, ETime and ATime were fixed at their
center-point levels for visualization purposes. Response contour plots of
CV and CR showed strong curvature as a result of the quadratic model
terms ATemp*ATemp and Cyc*Cyc, respectively. As indicated in the CV
plot (Fig. 6A), low annealing temperature and reduced number of PCR
cycles would be preferable for a low interlocus imbalance. A similar
pattern was observed in the SN plot (Fig. 6C); ATemp and Cyc must be
low in order to yield a high signal-to-noise ratio. Conversely, results for
CR (Fig. 6B) showed that high ATemp and low Cyc favored a higher
calling ratio, i.e. a higher ratio of on-target reads. Therefore, a simple
visual inspection of the models’ response contour plots did not im-
mediately reveal experimental conditions which satisfy these partly
opposing optimization goals simultaneously.

The MODDE optimizer tool was used to obtain more exact co-
ordinates of the global optimum. The optimizer uses a Nelder-Mead
‘simplex algorithm’ together with the fitted models in order to find
combinations of factor levels that jointly optimize all responses. The
criteria were to minimize CV and maximize both CR and SN in com-
pliance with the limits and targets described in Table 2. Optimization
converged in the following factor settings: ATemp = 58 °C, ATime =
23s, ETime = 655, Cyc = 25. The predicted response values for these
settings are given in Table 5B.

Since the optimum for ATemp and Cyc was located at the edge of
the investigated region, it was necessary to test if the true optimum may
lie outside the experimental space. We re-centered the design around
the optimized factor settings and performed a second set of RSM ex-
periments in vitro with the following factor ranges: ATemp: 54-62 °C,
ATime: 10-30s, ETime: 30-90s, Cyc: 20-30. No significant improve-
ment was found with lower ATemp or Cyc values, hence the settings of
the above described investigation series were retained (data not
shown).

3.6. Experimental confirmation of modelled conditions

Confirmation experiments were conducted in duplicate to verify the
predicted responses. The optimized thermocycling protocol was 98 °C
for 30, 25 cycles of (98°C/10s, 58 °C/23s, 72°C/655s), and 72 °C for
2min. Observed response values revealed that SN could be clearly
improved compared to the center-point conditions (i.e., the standard
setup before optimization). The confirmed value (Table 5C) was close to
the value predicted by the MODDE optimizer (Table 5B). CR was pre-
dicted to increase with the optimized settings, however, was slightly
lower than the center-point value. CV has markedly improved during
optimization, although the predicted value of 0.27 was not reached.

Up to this point, DOE experiments and confirmation of optimized
settings were carried out with an equimolar mix of primers. Further
improvement of the interlocus balance, hence a decrease in CV, was

Response values of non-optimized settings (mean center-point results N21-N23) in comparison with predicted and experimentally confirmed response values after
optimization. Precision given as 95% confidence interval (B) or standard deviation (A, C, D), respectively.

Coverage Coefficient of Variation (CV)

Calling Ratio (CR) Signal-to-Noise Ratio (SN)

Standard factor settings
A) center-point 0.72 = 0.01
Optimized factor settings
B) predicted 0.27 + 0.02
C) confirmed 0.61 = 0.01
D) primer-adjusted 0.43 = 0.03

0.92 + 0.02 28 =1
0.95 + 0.05 32 £3
0.87 = 0.02 38 + 4
0.93 + 0.01 34 £5
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Table 6
Adjusted primer pair concentrations per multiplex reaction.

Locus Molar concentration / pM
Amelogenin 0.11
CSF1PO 0.08
D10S1248 0.08
D12S391 0.14
D13S317 0.08
D16S539 0.12
D18S51 0.08
D19S433 0.08
D1S1656 0.08
D21S11 0.08
D2S1338 0.10
D2S441 0.08
D3S1358 0.08
D7S820 0.08
D8S1179 0.12
FGA 0.10
Penta D 0.10
Penta E 0.10
SE33 0.10
THO1 0.08
VWA 0.10

expected by titrating primer concentrations in the multiplex reaction.
Balancing of primer concentrations was performed empirically based on
the average locus coverage distribution of LC3, 2800 M, and 9948
samples with varying DNA input amounts (2 ng, 1 ng, 500 pg). Table 6
presents the composition of the final primer mix. The total primer
concentration per multiplex reaction was 2 uM.

The robustness of this multiplex assay was tested in a sensitivity
study with varying dilutions of 2800 M DNA between 1 ng and 125 pg
in duplicates. We observed a homogeneous amplification of all 21 tar-
gets for every dilution step, as can be seen from Fig. 7. Expressed as
absolute numbers, the weakest represented locus, amelogenin, had a
mean coverage of 1,109x = 379x, while the strongest locus, D18S51,
had an average coverage of 4,628x + 646x, implying a coverage ratio
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of about factor three to five between the strongest and weakest locus.
Primer-adjusted responses for CV, CR, and SN were calculated by
averaging the four dilution steps (Table 5D). A CV of 0.43 + 0.03
underlined that the interlocus balance was substantially improved upon
primer adjustment, while CR and SN were still sufficiently high.

Genotypes were in full concordance with CE results for samples LC3,
2800 M, and 9948. No locus or allele dropouts were observed in any of
the dilution steps down to 125 pg.

4. Discussion

The objective of this study was to propose an efficient, transparent
workflow for multiplex PCR development and optimization, whose re-
sults can be better communicated than findings resulting from an in-
tuitive approach. We demonstrated how primer engineering tools and
the experimental design strategy can be combined to establish a for-
ensic identity panel for MPS-STR genotyping.

4.1. Multiplex PCR assay development

The selection of forensic markers covered by monSTR is compatible
with the German national DNA database (DAD) and contains markers
commonly used in Europe and the USA. We decided not to include the
trimeric locus D22S1045, although being part of the expanded ESS and
CODIS set, since previous forensic MPS kit evaluations and CE experi-
ments suggested weak performance regarding heterozygote allele bal-
ance [2], locus coverage [5], and stutter ratio [15]. Instead, we sup-
ported two pentanucleotide systems, Penta D and Penta E, which
combine properties of high power of discrimination and low levels of
stutter [53]. Additionally, this multiplex targets the highly polymorphic
marker SE33, which is currently a unique feature of monSTR compared
to other MPS-STR kits. Although SE33 is included in Illumina ForenSeq
Signature Prep Kit primer mixes, it is not analyzed by proprietary UAS
software [54]. While in-depth validation of locus performance was
beyond the scope of the present work, preliminary results indicated a
reasonable amplification of SE33 and a good heterozygous balance
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Fig. 7. Locus balance depending on the amount of 2800 M DNA input. Relative coverage of a given locus was calculated by dividing the locus coverage by the mean

coverage of all included loci.
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comparable to other loci even for genotypes exhibiting a larger allele
spread.

With its medium size of 21 markers, monSTR may be an economic
alternative to larger kits, since it faciliates pooling of more samples per
sequencing run even on a smaller flow cell in a low-throughput sce-
nario. monSTR sequence data can be analyzed with open-access STR
genotyping software like toaSTR [52].

Careful design of primers is essential for the successful amplification
of numerous loci in a single reaction. Non-specific products may arise if
primers bind to template sites with similar sequences, and reduced
amplification may occur due to primer-template mismatches [24]. A
multiplex-compatible primer set was automatically designed based on
GRCh38 reference sequences using the MPprimer program. In future, it
might be possible to further increase the degree of automation for
multiplex primer engineering. SNP database information could be
linked to target sequences, so that candidate primers with too many
SNPs in their binding site would be rejected automatically, and primer
pairs that cover a maximum amount of flanking region variation would
be favored. RExPrimer software [55] addresses some of these issues by
integrating genomic variation databases, however, does not support
batch construction of primer pairs for multiple templates.

The anticipated amplicon sizes were a tradeoff between compat-
ibility with degraded DNA and the ability to include flanking variation.
The monSTR multiplex covers twelve highly informative SNPs with a
global MAF = 10% that may provide additional discriminatory fea-
tures. However, the analysis of flanking region variation using the
monSTR multiplex assay was not part of the present study. The final
primer set was characterized by similar hybridization kinetics for all
primers regarding balanced GC content and comparable melting tem-
peratures within a range of 5 °C. In silico PCR predicted a highly spe-
cific amplification of all 21 targets, while the formation of primer-di-
mers and secondary structures due to internal complementarity could
be largely avoided. Results of in vitro testing in singleplex and multi-
plex reactions under standard PCR conditions suggested a solid basis for
successive optimization of the thermocycling protocol.

4.2. DOE enabled efficient and transparent assay optimization

Multiplex PCR includes a multitude of parameters which need to be
optimized [23]. Commonly, optimization relies on the sequential in-
vestigation of each variable, which involves a large number of experi-
ments and substantial amounts of time in order to include all possible
combinations [34]. Moreover, a sequential approach ignores potential
interactions between factors and will rarely identify true optimum
conditions. DOE methodology is virtually predestined for the systematic
optimization of a multifactorial system [56]. In essence, DOE provides
an organized approach to plan informative experiments, assess the joint
influence of all factors, and create a meaningful map of the system for
decision making. As illustrated in the present study, only 23 experi-
ments were necessary to provide good coverage of the experimental
space spanned by four input factors, saving time and costs. However,
some work is required for familiarization with experimental design
principles and software tools.

While DOE principles are commonly applied in the field of en-
gineering, adaption to multiplex PCR required some additional effort.
Since the outcome of an MPS-STR assay cannot be measured intuitively,
we had to translate our optimization goals into three representative,
measurable response values that allowed to perform statistical analysis.
First, the inter-locus balance was reflected by the coefficient of varia-
tion of the coverage (CV). Large variation in coverage can impact
sample throughput of MPS systems [2] or may lead to dropouts of al-
leles or complete loci. Second, PCR specificity was expressed by the
calling ratio (CR) in toaSTR. CR expresses the proportion of on-target
reads, which decreases if sequence data contains many reads of primer-
dimers or non-specific PCR products. Third, signal-to-noise ratio (SN) is
the coverage ratio of noise observations to allelic observations in
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toaSTR. We included this parameter to assess if undesired technical
artefacts like stutter products (i.e., amplicons that are one or more re-
peat units longer or shorter in size than the parent allele) can be re-
duced by choosing favorable thermocycling conditions.

Calculated response values of the experiments were used for soft-
ware-based generation of regression models for the three responses to
identify optimal multiplex PCR parameters. Modeling first- and second-
order terms and factor interactions is commonly expected to be suffi-
cient to capture the most critical components of a biological process
[28]. The curvature in response contour plots (Fig. 6) confirmed that it
was reasonable to assume quadratic relationships in the model in order
to obtain a reliable approximation of the multiplex PCR process. Four
factors were varied according to a CCF experimental design in-
corporating twenty-three runs. Results indicated that each factor had
significant impact on one or more responses, either as a main effect or
as part of an interaction. Statistical analysis allowed not only to identify
driving effects, but to quantify the influence of factors on the responses
and describe these relations in mathematical models. During model
refinement, models were reduced to the most significant terms. Re-
moving an insignificant term was justified if it resulted in an increase in
the model fitness, Q%

Conclusions that could be drawn from the coefficient plots were
partly consistent with the literature but partly contradictory.
Previously, the annealing temperature (ATemp) has been described as
one of the most important factors on multiplex PCR performance [23].
Raising ATemp generally increases the stringency of primer-template
hybridization, tolerating less mismatches at the priming site and
leading to a decreased amplification of non-specific sequences [57].
This effect was also found in the CR model of our study, indicating that
adjusting ATemp to higher levels increased the calling ratio, hence
improved the specificity of PCR products. Conversely, results suggested
that high ATemp was detrimental to CV, inducing a stronger inter-locus
imbalance. A possible explanation for this might be that more stringent
temperatures in combination with competitive effects in a multiplex
reaction may lead to a preferential amplification of some targets. Locus
dropouts were observed whenever the ‘high’ ATemp level (66 °C) was
tested (experiments N2, N4, N6, N9, N11, N12, and N14). Primers for
loci where dropouts were seen more frequently, particularly D13S317
and VWA, may undergo further optimization. Practically, however,
developing primers for a multiplex assay targeting more than two loci
always requires a reasonable compromise of primer properties. Using
optimized settings, data suggested a well-balanced coverage without
any dropouts even with low DNA input amounts.

A largely negative term for ATemp was also found in the SN model,
implying more locus-specific PCR artefacts or less ‘true’ allele ampli-
cons when increasing ATemp. Whether SN decreased due to an increase
of noise observations or a decrease of signal observations was uncertain
since at the same time the locus coverage was highly variable and
hardly comparable. Further research should be undertaken to in-
vestigate this relation. Results support the hypothesis that a lower
ATemp enhances the stability of the polymerase/template complex
[58]. This stability would reduce the likelihood of polymerase slippage,
resulting in lower stutter ratios. Previous work of Seo et al. [59] in-
dicated that a lower temperature annealing/extension step was the
primary factor in the stutter reduction observed when typing low copy
number samples. In our work, the overall process performance was
predicted to benefit the most from lowering ATemp to 58 °C, accepting
that CR slightly decreased but still complied with the lower limit of 0.8.

Since the polymerase has some activity at ATemp, a longer an-
nealing time (ATime) has been associated with a higher risk of non-
specific products [57]. Consistent with the literature, we found that
extending ATime reduced CR. Also a significant negative quadratic ef-
fect was observed in the SN model, which may be linked to a higher
likelihood of polymerase/template dissociation. Interestingly, the in-
teraction of ATemp and ATime appeared to have a positive effect on CR,
which exemplifies the importance to investigate factor interactions in
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optimization strategies. Changing ATime did not impact inter-locus
balance. Compared to the non-optimized setting of 30 s, this factor was
slightly reduced to 23s.

As mentioned in the literature, multiplex PCR may require longer
extension time (ETime) for the polymerase to complete the synthesis of
all products, as the pool of enzyme and nucleotides becomes a limiting
factor [23]. On the other hand, it was described that long ETime could
provide opportunity for non-specific amplification [25]. The present
study found that longer ETime was beneficial for a specific and com-
plete amplification (see CR model). In contrast, the SN model implied
the generation of more technical artefacts, which could be associated
with an increased chance for polymerase slippage events due to longer
ETime. An ETime of 65 s was predicted to jointly optimize all responses.

Prior studies have noted that keeping the number of PCR cycles
(Cyc) to the minimum required to generate sufficient product reduces
the likelihood of PCR errors and the accumulation of non-specific
products [57]. Hence, the negative effect for Cyc, which dominated the
CR and SN models, was not unexpected. It is somewhat surprising that
the interaction ETime*Cyc was the only significant positive effect on
SN. This result was counterintuitive since both linear factors were
detrimental on this response. Further research is therefore suggested.
For an optimal outcome, a reduction of Cyc to 25 was predicted. It
should be noted that monSTR library preparation includes a second
PCR step with 8 cycles, totaling 33 cycles of amplification before se-
quencing.

Optimal factor settings were predicted to improve all responses
compared to the non-optimized standard thermocycling conditions.
However, particularly the confirmed CV response exhibited a somewhat
larger deviation from the predicted value (Table 5, B vs C). The ob-
served deviation may be explained by stochastic effects during library
preparation and by sequencing inter-run variation. Since the experi-
ments for optimization, confirmation, and primer adjustment build
upon each other, studies required serially performed sequencing runs.
Future applications of DOE could benefit from a higher number of re-
plicates for confirmation experiments. Also genotype-specific effects
may play a role in the observed variability of responses. Genotype-
specific characteristics (e.g., allele spread, heterozygosity) may affect
CV and SN, since longer alleles tend to have a lower amplification ef-
ficiency and show a higher stutter ratio. SN as calculated in this study is
sensitive to small noise changes when the noise coverage is close to zero
and therefore SN will approach large values. However, given the
complex nature of the biological process modelled here and the po-
tential sources of variation within the analytical scheme, we found that
confirmed responses were within acceptable differences to the pre-
dicted values. Results suggested that useful models of a multiplex PCR
assay can be created based on statistically designed experiments. The
thermocycling protocol was optimized with respect to CV and SN, while
CR remained on a high level. It can therefore be assumed that the in-
terlocus coverage balance can be improved not only by adjusting
primer concentrations, but also by choosing favorable thermocycling
conditions.

A series of dilution experiments with challenging input amounts of
DNA revealed full STR profiles. No allele or locus dropouts were ob-
served down to 125 pg, indicating a good sensitivity that has not yet
been exhausted. Comparable sensitivity of MiSeq-based kits has been
reported earlier [3,10,54]. However, with a small sample size of the
present study, caution must be taken, as the findings do not replace a
comprehensive kit validation. Further studies will have to validate
monSTR’s performance according to common validation guidelines in-
cluding sensitivity, mixture, and casework studies (manuscript in pre-
paration).

5. Conclusion

Targeting 20 STR markers including SE33 plus amelogenin,
monSTR is a medium sized forensic identity panel that may
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complement the landscape of multiplex kits for the MiSeq platform.
Using a chain of bioinformatics tools for economic primer engineering
and testing, we constructed a highly specific and multiplex-compatible
primer set.

This study has been one of the first attempts to apply Design of
Experiments methodology to multiplex PCR optimization. An efficient
RSM experimental design, which required only a minimum number of
experiments, supported the generation of realistic multiplex PCR
models. These models were successfully used to predict optimized set-
tings for critical thermocycling parameters. In vitro experiments re-
vealed that the assay performance was substantially improved.

Overall, this study strengthens the idea that computer-assisted
modelling and simulation of biological mechanisms may reduce time
and cost in the development and optimization stage of multifactorial
processes such as multiplex PCR. We believe that DOE holds potential
as an optimization tool for molecular analytic and diagnostic assays.
Experimental design methods, either performed in-house or via an ex-
ternal service, enables laboratories to develop and optimize custom
assays with reasonable resources.
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ARTICLE INFO ABSTRACT

The 21-plex STR panel monSTR was designed for high-fidelity forensic genotyping on the Illumina MiSeq
platform. In this study, the panel’s performance was validated according to the recommended validation
guidelines of the Scientific Working Group for DNA Analysis Methods (SWGDAM). Concordance, repeatability
and reproducibility, sensitivity of detection, mixture analysis, species-specificity, and the ability to analyze mock
samples were assessed. Sequence data was analyzed using the genotyping software toaSTR. The assay perfor-
mance was evaluated by measuring the read on-target ratio, the genotype accuracy, the inter-locus balance, the
heterozygosity balance, and the signal-to-noise ratio. Results showed that profiles of NIST reference DNA
samples as well as GEDNAP proficiency samples were fully concordant with CE-based methods. In addition,
inter-run and intra-run variation experiments indicated high precision. Furthermore, full profiles could be ob-
tained using 62.5 pg of DNA input amount with proper inter-locus balance and read on-target ratio; 76.4% of
alleles were correctly called with 7.8 pg DNA input amount. It was demonstrated that 94.4% of minor con-
tributor alleles were resolved accurately in a 1:49 mixture. Results suggested that the minor contribution could
be precisely calculated based on the minor component allele frequency. Validation results described here de-
monstrate that the monSTR forensic identity panel is a valid tool for forensic STR genotyping using massively
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parallel sequencing.

1. Introduction

For more than 20 years, forensic DNA analysis has routinely used
short tandem repeat (STR) markers to unambiguously identify in-
dividuals because of their high discriminative power and multiplexing
compatibility [1]. STRs, also known as microsatellites or simple se-
quence repeats (SSRs), are repetitive regions of DNA that differ in
length and structure of their sequence motifs (usually 2-7 nucleotides)
as well as in the number of their core repeats [2-4]. The gold standard
method for forensic STR typing relies on the detection of allele lengths
and includes multiplex PCR amplification of STR loci [5] followed by
size separation of fragments using capillary electrophoresis (CE) [6]. CE
typing proved to be highly efficient and cost-effective, while STR ana-
lysis cannot easily be combined with other types of forensic loci, e.g.
single nucleotide polymorphisms (SNPs), mitochondrial DNA (mtDNA)
or RNA markers, within the same assay.

In recent years, massively parallel sequencing (MPS) has become
more and more attractive. This technology allows for the simultaneous

evaluation of many genes and the generation of millions of short nucleic
acid sequences of an individual in parallel. Nowadays, MPS is a main-
stay for various applications in diagnostics and research [7-9]. In the
field of forensic genetics, MPS may overcome CE-based limitations of
STR typing [10]. MPS allows sequencing of many forensic genetic loci
and different types of markers simultaneously with a high sequencing
throughput in the same multiplex assay. In case of the Illumina MiSeq
platform, this technique is based on unique adapter sequences that are
added to both sides of the DNA fragment during the indexing process.
This results in numerous different adapter combinations, which can be
computationally separated based on the respective index sequence.
Moreover, the technology provides a higher resolution compared to CE
by detecting both allele length and sequence information of forensic
STR markers. Thus, intra-allelic sequence variations, i.e. isoalleles, may
be resolved [11] and the discrimination power for mixture deconvo-
lution may be improved. MPS also provides greater flexibility with re-
gard to the multiplexing process since there are fewer limitations con-
cerning amplicon design and color dye channels, as known from CE
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approaches. Due to the increasing use of MPS technology in forensic
laboratories, there is a growing demand for multiplex kits supporting a
straightforward workflow and implementation. Various multiplex PCR
kits have been developed, evaluated, and validated. Studies on sensi-
tivity, repeatability, mixture interpretation, and casework samples have
highlighted potential applications for MPSSTR genotyping [12-15].
Furthermore, sequencing of STR loci provides new insights into se-
quence variation of established STR markers [16,17].

In a previous study, the development and systematic optimization of
the monSTR forensic identity panel was described [18]. monSTR is
designed for the simultaneous amplification of 21 common forensic loci
followed by targeted sequencing on the Illumina MiSeq desktop se-
quencer. The selection of forensic markers covered by the monSTR
panel are based on the expanded European Standard Set (ESS) [19], the
expanded Combined DNA Index System (CODIS) core locus set by the
Federal Bureau of Investigation (FBI) Laboratory [20,21], and also in-
cludes the highly polymorphic locus SE33 [22,23]. The following loci
are included in the STR multiplex: D1S1656, D2S441, D2S1338,
D3S1358, FGA, CSF1PO, SE33, D75820, D8S1179, D10S1248, THO1,
vWA, D12S391, D13S317, Penta E, D16S539, D18S51, D19S433,
D21S11, Penta D, and the sex typing marker amelogenin.

Before a new assay can be implemented into a routine laboratory
workflow, the performance must be validated [24,25]. Therefore, the
aim of the present work was to validate the monSTR panel according to
the recommended validation guidelines of the Scientific Working Group
for DNA Analysis Methods (SWGDAM) [26]. In order to obtain a better
understanding of the panel’s characteristics and limitations, six ex-
perimental studies were performed including concordance testing, re-
peatability and reproducibility studies, sensitivity of detection, mixture
analysis, species-specificity testing, and analysis of mock samples.

2. Materials and methods
2.1. Source of template DNA

The following DNA samples were used throughout the validation
studies: NIST (National Institute of Standards and Technology)
Standard Reference Material (SRM) 2391c A, B, and C with known al-
lele lengths and sequences [27,28], human male control DNA 2800 M
(Promega, Mannheim, Germany) with known allele lengths, and
GEDNAP proficiency samples (German DNA profiling, http://www.
gednap.org) 54 & 55 (single- and mixed source samples, respectively).
For the species specificity study genomic DNA from three non-primate
mammal organisms (dog, cat, and horse), which were collected on
buccal swabs, and corresponding DNA samples of their owners were
tested. This project was approved by the local ethical committee
(University of Ulm, Germany, 267/18).

2.2. Sample preparation and data analysis

2.2.1. DNA extraction and quantification

GEDNAP proficiency samples 54 & 55 were acquired in 2017 and
extracted using the High Pure PCR Template Preparation Kit (Roche,
Mannheim, Germany) as recommended by the manufacturer. After
successful extraction, DNA extracts were stored at —20°C. Species
specificity swab samples were extracted using the KingFisher Flex
Purification System (Thermo Fisher, Waltham, MA) with the
NucleoMag tissue kit (Macherey-Nagel, Diiren, Germany) according to
the manufacturer’s instructions. Buccal swab samples from the animal
owners were extracted using the EZ1 Advanced System (Qiagen,
Hilden, Germany) according to the manufacturer’s recommendation.
Recovered genomic DNA was quantified prior to amplification using the
Qubit2.0 fluorometer with the Qubit dsDNA HS Assay Kit (Thermo
Fisher).
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2.2.2. Multiplex PCR setup

Multiplex amplification using the monSTR panel was carried out as
a single-tube reaction, containing 12.5 pul Q5 Hot Start High-Fidelity 2X
Master Mix (New England Biolabs, Frankfurt, Germany), 5ul monSTR
primer mix, a variable amount of specific template DNA (7.8 pg — 10 ng,
details in the specific method description), and molecular grade water
in a volume of 25pL. Thermal cycling was performed with a
Mastercycler Pro S (Eppendorf, Hamburg, Germany) under the fol-
lowing conditions: 98 °C for 30s; 25 cycles of 98 °C for 10, 58 °C for
23s, and 72 °C for 65s; final extension at 72 °C for 120s with a 4°C
soak.

2.2.3. Library construction and sequencing

After multiplex PCR, amplicons were purified and size-selected
using Agencourt AMPure XP paramagnetic beads (Beckman Coulter,
Jersey City, NY) with a bead-to-sample ratio of 0.7 according to the
manufacturer’s protocol [29]. Next, a unique combination of indexed
sequencing adapters of the Nextera XT index kit (Illumina, San Diego,
CA) was added to the purified amplicons in a limited cycle index PCR
(98 °C for 30s; 8 cycles of 98 °C for 10s, 62 °C for 30s; 72 °C for 30s;
72°C for 120 s with a 4 °C soak). The libraries were then purified using
Agencourt AMPure XP paramagnetic beads (Beckman Coulter) with a
bead-to-sample ratio of 0.8. The quality of purified libraries was eval-
uated by examining the size distribution and the absence of primer
species on an Agilent Bioanalyzer 2100 with the High Sensitivity DNA
Kit (Agilent Technologies, Palo Alto, CA). To ensure uniform pooling of
samples, indexed DNA libraries were subsequently quantified using the
NEBNext Library Quant Kit for Illumina (New England Biolabs) ac-
cording to the manufacturer’s protocol, normalized to 2 nM, and pooled
at equal volumes. After dilution to a final loading concentration of
10 pM, the libraries were sequenced on the MiSeq platform performing
400 cycles of single-end sequencing. Ninety-two libraries (including 76
libraries for validation purposes and 16 other libraries) were sequenced
in the first run using MiSeq Reagent Kit v2 (Illumina). For inter-assay
repeatability and reproducibility studies (five MiSeq runs in total), li-
braries were sequenced using the MiSeq Reagent Nano Kit v2 (Illumina)
with 10 libraries per run.

2.2.4. Data processing and analysis

Primary data analysis (base calling, quality scoring, and demulti-
plexing) was conducted using the MiSeq on-board software Real Time
Analysis and MiSeq Reporter. STR genotyping based on raw FASTQ files
and result interpretation was performed using toaSTR v1.0.0-beta.16
(available at www.toastr.online) [30] applying an analytical threshold
of ten reads and a calling threshold of 2%. A calling threshold of 2%
indicates that a potential allele must have a minimum coverage of 2%
of the total coverage of the respective locus. Otherwise, it would be
classified as stutter or artefact, depending on its expected stutter value
calculated by the stutter model. Sequence observations with a coverage
lower than the analytical threshold (default 10 reads) were not con-
sidered for analysis. Prior to data analysis, a representation of the
monSTR panel was created in toaSTR to select the markers to be ana-
lyzed and to define the respective stutter thresholds. A minimum stutter
threshold of 5% was defined to account for fluctuations of low-level
stutter. Classification of allelic observations (signal) and non-allelic
observations (noise) was performed automatically based on toaSTR’s
stutter modelling algorithm and was manually reviewed. Statistical
calculations and diagrams were generated using Microsoft Excel v16
and R v3.5.3.

2.2.5. Capillary electrophoresis

CE-based STR analysis of sample 2800 M and samples GEDNAP 54 &
55 was accomplished to obtain the size-based STR genotypes using the
commercially available STR kits PowerPlex 21 System (Promega),
PowerPlex ES SE33 Monoplex System (Promega), and VeriFiler Direct
PCR Amplification Kit (Applied Biosystems, Foster City, CA) according
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to the manufacturer’s protocols. Amplified products were separated on
the ABI PRISM 310 Genetic Analyzer (Thermo Fisher) and data was
analyzed using GeneMapper ID software v3.2 (Thermo Fisher).

2.3. Concordance

Concordance was investigated using samples NIST SRM 2391c A, B,
and C in triplicate with known allele and sequence information to assess
the genotype accuracy of the monSTR panel in comparison to the cer-
tificate of analysis. The DNA input amount for this study was 1000 pg.
For stutter analysis, the stutter ratio was calculated by dividing the N-1
stutter coverage by the coverage of the corresponding genuine allele.
Based on the observed stutter ratios in the concordance study, stutter
thresholds were defined in toaSTR to enable stutter modelling
throughout this work.

2.4. Repeatability and reproducibility

The repeatability study was performed using 1000 pg of sample
2800 M as follows: (a) three independent libraries were prepared and
sequenced in one MiSeq run (intra-run variation) and (b) three in-
dependent libraries were prepared and sequenced in three separate
MiSeq runs (inter-run variation). For the reproducibility study, a second
operator conducted separate intra- and inter-run variation experiments
with 1000 pg of sample 2800 M. Since the performance of an MPS-STR
panel cannot be measured intuitively, we translated our validation re-
sults into measurable values (Table 1) that allowed statistical analysis:
first, the allele coverage ratio (ACR) was determined for heterozygous
STR loci to evaluate the allelic balance under different conditions.
Second, the locus balance was described by the coefficient of variation
of the coverage (CV). The higher the CV value, the larger the variation
in the locus coverages. Third, PCR specificity was assessed by the
calling ratio (CR) in the toaSTR software, which expresses the propor-
tion of on-target reads. Fourth, signal-to-noise ratio (SN) was calcu-
lated, which is the coverage ratio of allelic observations and noise ob-
servations such as stutter products and erroneous sequences. SN should
be maximal. Furthermore, the evaluation of genotype accuracy was
included. To ensure the comparability among the replicates with
varying coverage per sample, replicates were computationally sub-
sampled to the lowest input read coverage value, which was 70,000
reads (x) per sample.

2.5. Sensitivity

To evaluate the sensitivity of detection, eight serial dilutions
(1000 pg, 500 pg, 250 pg, 125 pg, 62.5 pg, 31.3 pg, 15.6 pg, and 7.8 pg)
of sample 2800 M were prepared and analyzed in triplicate. The sta-
tistical analysis included the evaluation of CV, CR, SN, and ACR

Table 1

Definitions and calculations of statistical parameters used throughout the va-
lidation studies. Statistical parameters were calculated by averaging replicates.
SD = standard deviation; Cov = coverage; N = number of loci.

Parameter Aim Calculation
Allele coverage ratio Intra-locus balance ACR = Covigwest coverage allele
(ACR) CU"highesl coverage allele
Coverage coefficient of Inter-locus imbalance  ~, _ SDcov
variation (CV) Cov
Calling ratio (CR) PCR specificity CR= Called reads
Input reads
Signal-to-noise ratio (SN) Tendency to form No L ¥ N Covalicles,i
stutter and artefacts NZI=1 Covpojse,i

Theoretical minor
contribution

Minor component allele
frequency over
all included loci
(MAF)

1 Covpj eles.i
MAF = 721_{ L L %minor alleles,i
NHI=E Coviotal alleles, i
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(Table 1). All replicates were computationally sub-sampled to 42,000x
per sample to ensure the comparability of the statistical analysis.

2.6. Mixtures

Two-person mixtures of SRM 2391c A (major component) and SRM
2391c C (minor component) were prepared at various ratios (1:1, 1:4,
1:9, 1:19, and 1:49) and analyzed in triplicate. Each multiplex reaction
contained at least 50 pg DNA of the minor component. To achieve this,
the total DNA input amount varied from 1000 pg to 2450 pg. For eva-
luation purposes, a total of 54 unique minor alleles (18 minor alleles in
three replicates = 54 alleles per mixture ratio) were considered, which
neither overlapped with alleles of the major component nor with major
stutter products at N-2, N-1, and N + 1 positions (Supplementary
Table 1). Sequence information was used to uniquely identify the minor
alleles of each mixture. To compute the theoretical minor contribution,
the minor allele frequency (MAF) was calculated across all loci by di-
viding the minor allele coverage by the total allele coverage (Table 1).

2.7. Mock samples

Artificially created forensic mock samples of GEDNAP 54 & 55
proficiency testing were used, including potential degraded samples
and micro traces. The sample set consisted of ten single-source and four
mixed-source samples (2-3 person mixtures). A detailed sample de-
scription can be found in Supplementary Table 3. For multiplex am-
plification, 1000 pg of template DNA was used. MPS results were
compared to CE genotypes and the official GEDNAP results table. In
order to assess the potential result variation between MPS and CE,
intra-allelic sequencing variants (i.e. isoalleles) and discordances were
counted.

2.8. Species specificity

Non-primate mammal samples (dog, cat, and horse) were amplified
with a template DNA input amount of 10 ng and sequenced in triplicate.
Furthermore, 1000 pg of genomic DNA of the respective animal owners,
1000 pg 2800 M control DNA (positive control), and a no template
control (NTC, molecular grade water, Roche) were analyzed and com-
pared to the obtained animal STR profiles. The statistical analysis in-
cluded the evaluation of CR for each individual sample (Table 1).

3. Results

The aim of the present work was to validate the assay performance
of the monSTR forensic identity panel according to the recommended
validation guidelines of the Scientific Working Group for DNA Analysis
Methods (SWGDAM). A total of six experiments including concordance
testing, repeatability and reproducibility study, sensitivity of detection,
mixture deconvolution, analysis of mock samples, and species specifi-
city testing were conducted.

3.1. Sequencing run information

Sequencing runs had a mean cluster density of 753 K/mm2
(£ 90K/mm2) and 93.3% ( = 1.5%) of generated clusters passed fil-
ters. In total, 6700 MB of data was obtained with a total of 17.5 million
reads. 83% ( = 6%) of sequenced bases were assigned a Phred quality
score of 30 (Q30) or higher. Phasing and pre-phasing values were
0.07% (= 0.02%) and 0.05% ( + 0.02%), respectively.

3.2. Stutter analysis
To quantify the N1 stutter ratio of monSTR loci, single-source

samples of NIST SRM 2391c A, B, and C with 1000 pg DNA input
amount were analyzed in triplicate. Calculated stutter was assessed
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Table 2

Ranges of locus-specific N-1 stutter ratios observed with triplicate of NIST SRM
2391c A, B, and C as well as the resulting stutter thresholds set in the toaSTR
genotyping software. N-1 stutter ratio was calculated by dividing the coverage
of the stutter product in N-1 position by the coverage of the corresponding
genuine allele.

STR marker Range of N-1 Stutter threshold in toaSTR [%]
stutter [%]

D1S1656 3.1-19.1 20
D251338 10.9-17.7 18
D2S441 1.5-43 5
D3S1358 4.3-12.1 13
FGA 11.6-23.3 24
CSF1PO 1.6 - 4.6 5
SE33 6.4-17.3 12
D75820 1.6-7.2 8
D8S1179 12.0-23.2 24
D10S1248 5.6 - 14.3 15
THO1 2.5-7.3 8
D12S391 4.6-26.9 27
VWA 9.9-14.9 15
D13S317 1.0-3.9 5
Penta E 0.4-6.8 7
D16S539 7.9-16.7 17
D18S51 5.8-16.3 17
D19S433 4.4-8.9 9
D21S11 2.0-10.1 11
Penta D 1.6 -25 5

only if sequence observations were clearly distinguishable as stutter
products and not masked by other alleles. Homozygous- and hetero-
zygous genotypes were included in the calculation. The majority of STR
markers covered by the monSTR panel produced stutter ratios between
5% and 20% (Table 2). The highest stutter ratio was observed for
D12S391, with a maximum value of 26.9%. In contrast, the two pen-
tamer repeat systems Penta E and Penta D had very low stutter ratios. In
the toaSTR software, stutter thresholds were set above the highest ob-
served stutter ratio of the respective STR system (minimum 5 %) to
enable stutter modelling in the following studies. As an exception, the
stutter threshold for SE33 was set to 12% since two out of three ob-
served stutter ratios were lower than 10%.

3.3. Concordance

Samples NIST SRM 2391c A, B, and C were analyzed and subse-
quently compared to the certificate of analysis. In total, 189 loci (each
21 loci in three samples with each three replicates) with 342 alleles
were examined. Results of all length- and sequenced-based genotypes
were 100% concordant. Moreover, neither allele dropouts nor drop-ins
were detected. Average coverage of sample SRM 2391c A, B, and C was
61,354x ( = 36,948x), 55,780x ( = 14,611x), and 60,543x ( + 9,851x),
respectively. The average coverage per locus was 2,922x ( * 1,795x),
2,656x ( + 740x), and 2,883x ( = 514x), respectively.

3.4. Repeatability and reproducibility

The aim of this study was to quantify the genotyping variation
within the monSTR panel when two different operators conducted
intra- and interrun variation experiments of sample 2800 M. To ensure
the comparability among the statistical analysis, all eight replicates
were computationally sub-sampled to the lowest input read coverage
value.

Within the same run, the average coverage per sample was 60,442x
( = 1,431x) with a mean coverage per locus of 2,878x ( = 290x) by
operator one and 54,984x ( = 598x) with a mean coverage per locus of
2,618x ( + 259x) by operator two, respectively. Across three separate
MiSeq runs by operator one and two, the average coverage per sample
was 58,799x ( * 3,024x) and 52,229x ( + 4,677x) and on average
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Table 3

Averaged statistical parameters and respective standard deviations for repeat-
ability and reproducibility testing. CV = coverage coefficient of variation;
CR = calling ratio; SN = signal-to-noise ratio; ACR = allele coverage ratio;
min = minimum observed value; max = maximum observed value.

Operator A Operator B Operator A Operator B
Parameter Intra-run variation Inter-run variation
cv 0.54 = 0.04 0.51 = 0.03 0.51 = 0.12 0.54 = 0.10
CR 0.86 = 0.02 0.85 = 0.01 0.84 = 0.04 0.82 = 0.03
SN 18.1 = 0.8 16.2 = 1.2 17.2 = 0.9 17.4 = 0.7
ACR min 0.78 = 0.09 0.73 = 0.01 0.72 = 0.10 0.71 = 0.03
ACR max 0.99 = 0.04 0.99 = 0.03 0.99 = 0.03 0.99 = 0.04

2,800x ( + 589x) and 2,487x ( = 574x) per locus were called, respec-
tively. Concordant allele lengths and sequences across all replicates
were detected. Low standard deviations were observed across all sta-
tistical parameters and operators (Table 3). Generally, inter-run varia-
tion was observed to be slightly higher than the variation between
samples within one run.

3.5. Sensitivity

With low DNA quantities, stochastic variations can occur during the
amplification process. In order to determine the dynamic range of the
monSTR panel where reliable genotypes can be obtained, varying
2800 M DNA input amounts were analyzed in triplicate (1000 pg,
500 pg, 250 pg, 125 pg, 62.5 pg, 31.3 pg, 15.6 pg, and 7.8 pg). To ensure
the comparability among the statistical analysis, all replicates were
prior to evaluation computationally sub-sampled to the lowest input
read coverage value.

Full and concordant profiles were obtained with an input DNA
amount of 1000 pg down to 62.5 pg (Table 4). Allelic and locus drop-
outs were observed with 31.3 pg DNA input and lower. In addition,
balanced locus coverages with low corresponding standard deviations
of all monSTR targets demonstrated homogeneous amplifications down
to 62.5 pg (Fig. 1). Expressed in absolute numbers, the weakest locus
over all eight dilutions was Penta D with a mean coverage of 427x
( £ 75x). The strongest locus D18S51 had an average coverage of
2,416x ( * 446x), which results in a 5.6-fold difference in coverage
between the least stable and most stable STR locus. The average cov-
erage per locus over all dilutions was 1,054x ( = 592x) and the average
coverage per sample was 66,126x ( + 36,250x). The obtained results
for the three statistical parameters coverage coefficient of variation
(CV), calling ratio (CR), and signal-to-noise ratio (SN) are shown in
Fig. 2. Results suggested a good stability of the interlocus balance down
to 62.5 pg. Conversely, DNA input amounts below 62.5 pg had a strong
impact on some STR loci concerning interlocus balance. Relative locus
coverages varied markedly and corresponding standard deviations in-
creased (Fig. 1). An increased CV of 0.83 + 0.20 at 15.6 pg underlined
that the interlocus balance was substantially deteriorated at lower DNA

Table 4

Number and percentage of called alleles for the amplification of 2800 M control
DNA at eight different dilution levels. 2800 M comprises a total of 41 alleles
targeted by the monSTR panel. In total, 123 alleles and 63 loci (21 loci with
three replicates) were assessed per dilution. N = number of alleles.

DNA input amount [pg] Called alleles (N = 123) Called [%]

1000 123 100
500 123 100
250 123 100
125 123 100
62.5 123 100
31.3 122 99.2
15.6 107 85.4
7.8 95 76.4
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Fig. 1. Relative locus coverage depending on different DNA input amounts of 2800 M. The relative locus coverage of a respective STR locus was calculated by
dividing the average locus coverage by the mean coverage of all included loci per dilution. Error bars represent the standard deviation. Dashed lines denote the mean
locus coverage over all loci of the corresponding dilution. STR loci are listed in ascending order according to the average locus coverage over all dilutions. A balanced
amplification was achieved with a DNA input amount down to 62.5 pg. Locus dropouts in two replicates were observed at 7.8 pg for Penta D and D7S820.

quantities, while CR also continuously decreased (Fig. 2). SN did not
fluctuate remarkably across different dilutions, except for 7.8 pg DNA
input.

The allele coverage ratio (ACR) was calculated to measure the
heterozygous balance. Fig. 3 indicates that with DNA input amounts
from 1000 pg down to 125 pg heterozygous loci were well balanced
with an ACR greater than 0.6, except for locus D8S1179. Allelic im-
balances (ACR < 0.6) without any specific pattern for a certain locus
were observed for 62.5 pg of DNA input and lower, while the average
ACR for this dilution level was 0.66 ( = 0.16). With less than 31.3 pg of
DNA input, allelic imbalance became more apparent. The average ACR
for the 15.6 pg dilution dropped to 0.46 ( = 0.23) and allelic dropouts
were observed more frequently (Table 4). The STR locus with the
highest allelic imbalance was D8S1179 with an average ACR of 0.58
(*+0.13). The best ACR was observed for the locus SE33
(0.79 = 0.19).

3.6. Mixtures

Biological samples containing DNA from more than one individual
may be challenging to deconvolve and interpret. In order to test the
ability to analyze mixtures, samples NIST SRM 2391c A (major com-
ponent) and NIST SRM 2391c¢ C (minor component) were combined in
five different mixing ratios (1:1, 1:4, 1:9, 1:19, 1:49). In total, 54 unique
minor alleles were included in the evaluation, which did not overlap
with major contributor alleles or their stutter products (Supplementary
Table 1). The objective of this study was to quantify potential devia-
tions between theoretical and observed mixing ratios based on the
minor component allele frequency (MAF). Moreover, the recovery of
minor alleles especially for strongly imbalanced mixtures was eval-
uated.

In Fig. 4, the observed MAF was plotted against the theoretical
mixing ratios. Generally, the MAF corresponded precisely to the theo-
retical minor contribution. At the 1:1 ratio (50%), the MAF was
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Fig. 2. Mean coverage coefficient of variation (CV), mean calling ratio (CR),
and mean signal-tonoise ratio (SN) depending on different 2800 M DNA input
amounts. Statistical results suggested a good amplification stability with
monSTR down to 62.5 pg. Lower DNA quantities (< 62.5 pg) resulted in higher
locus coverage variations, which is demonstrated by an increasing CV. In ad-
dition, the proportion of on-target reads (CR) fell below 50%. SN remained
stable except for a drop at 7.8 pg.

calculated to be 53.7% ( = 6.6%). A larger deviation was observed for a
theoretical minor contribution of 20% (MAF 15.1% = 4.1%). Although
small variations regarding the observed minor contribution were seen,
a precise prediction could be achieved for the challenging 2% mixture
ratio (MAF 2.0% =+ 0.7%). At the 1:1 ratio, the minor allele coverage
reached 2,037x ( = 797x), while minor allele coverages decreased with
more imbalanced mixture ratios (Supplementary Table 2). All minor
alleles were typed precisely with 100% concordance for mixture ratios
1:1 to 1:19. Results for the 1:49 ratio (2%) reflect the stochastic nature
of amplifying lower DNA quantities, as the identification of the minor
contributor became less accurate. Allelic dropouts were observed at the
CSF1PO, D8S1179, and D19S1248 loci.

3.7. Mock samples

For the investigation of artificially created forensic mock samples,
genomic DNA of GEDNAP 54 & 55 proficiency samples (Supplementary
Table 3) were analyzed with MPS and CE. Genotyping results for all
markers included in the monSTR panel were compared to CE results
and the official GEDNAP result table, respectively.

Analysis of mock samples yielded largely concordant profiles be-
tween CE and MPS (Supplementary Table 3). In total, 723 alleles were
differentiated by sequence, while 701 alleles were called by length
(Table 5). The MPS technology has the potential to simultaneously
identify STR loci by sequence. Thus, 21 additional intra-allelic sequence
variants could be detected over CE. One allelic dropout in locus SE33 of
sample 54-PA was seen with CE, while MPS yielded a fully concordant
genotype compared to the reference. In addition, one allelic dropout in
locus D21S11 of sample 55-S3 was seen in both CE and MPS results.
Within the examined sample set, one instance of discordance between
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Fig. 3. Heat map of mean allele coverage ratios (ACR) over all heterozygous
STR loci and different input amounts of 2800 M control DNA. Each tile re-
presents the mean ACR over three replicates. For illustration purposes, ACR
values were mapped to five distinct color groups (> 0.8, > 0.6, > 0.4, > 0.2,
and < 0.2). White tiles indicate an allele dropout in two replicates. STR loci are
sorted by the mean ACR over all dilution steps from top (balanced) to bottom
(imbalanced). A balanced ACR (> 0.6) was achieved for all loci with a DNA
input of 125 pg or higher, except for locus D8S1179.

both technologies was found for sample 54S1 at the SE33 locus. The CE-
based genotype displayed a “ < 3.2” allele, however with MPS an allele
“14” was seen. Raw FASTQ files were investigated manually and it was
found that a 63 base pair deletion was present within the flanking re-
gion that caused the discordance between the two technologies. The
most informative tetranucleotide locus SE33 is not (officially) available
in published MPS-STR panels at the time of writing and can be con-
sidered as a special feature of monSTR. In order to get a better under-
standing of the performance of this locus, the ACR and locus coverage
was evaluated (Table 6). Generally, ACR was observed to be high
(> 0.8), except for sample 55-PC with an ACR of 0.69. Data suggested
high locus coverages and well-balanced alleles even for sample 54-PC
exhibiting a larger allele spread of 5 repeat units.

3.8. Species specificity

Human specificity of the monSTR panel was tested with nonhuman
genomic DNA samples of common domestic species (dog, cat, and
horse). In comparison to sample 2800 M with an averaged calling ratio
(CR) of 86.82% ( = 2.19%), the non-human samples yielded very low
CR values (Fig. 5). The averaged CR for the cat, dog, and horse samples
was 0.37% ( = 0.40%), 0.09% ( = 0.11%), and 0.08% ( = 0.14%), re-
spectively. No alleles above the analytical threshold (10 reads) were
detected for each replicate of the NTC. For the dog samples, for in-
stance, alleles were detected in CSF1PO, D7S820, THO1, D19S433, and
D21S11, while for the horse samples only D10S1248 alleles were called
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Fig. 4. Minor component allele frequency (MAF) for a total of 54 non-over-
lapping minor alleles (18 minor alleles in three replicates = 54 alleles per
mixture ratio) depending on five different two-person mixtures of SRM 2391c A
(major component) and SRM 2391c C (minor component). The MAF was cal-
culated for each locus by dividing the minor allele coverage by the total allele
coverage. The y-axis is square root transformed for better legibility of small
values.

Table 5

Number of alleles observed for 21 STR loci included in the monSTR panel and
corresponding CE-based STR kits for 14 GEDNAP proficiency samples in com-
parison to the reference GEDNAP results table. The percentage of total observed
alleles relative to the number of reference alleles is given in parentheses.

Sample ID Observed alleles Isoalleles observed
Reference CE MPS with MPS

54-PA 42 417 42

54-PB 36 36 37 1

54-PC 42 42 42

54-S1 86 86 91° 5

54-S2 39 39 39

54-S3 41 41 41

54-S4 64 64 68 4

55-PA 40 40 40

55-PB 39 39 40 1

55-PC 40 40 40

55-S1 40 40 41 1

55-S2 68 68 71 3

55-S3 88 87 92 5

55-54 38 38 39 1

Total 703 701 723 21
(100%) (99.7%) (102.8%)

2 In these samples, allelic dropouts were observed.
® In this MPS-sample, one allelic discordance at locus SE33 was observed.

occasionally. The cat samples yielded occasionally genotyping results
for D1S1656, SE33, D7S820, THO1, vWA, D19S433, D19S433, D21S11,
and amelogenin. Some but not all alleles called in the animal samples
were identical in length and sequences with the genotypes of the cor-
responding owner (Supplementary Table 4). For instance, in one of the
dog replicates, allele 10 was detected at locus CSF1PO, which was also
detected for the respective animal owner. In contrast, allele 9.3 at locus
THO1 (replicates one and three) was not observed at the corresponding
owner’s genotype.
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Table 6

Heterozygous genotypes, ACR values, and coverages observed at the SE33 locus
for GEDNAP 54 & 55 single source samples. The relative locus coverage of SE33
is given in parentheses and was calculated by dividing the locus coverage by the
coverage of all 21 monSTR loci. ACR = allele coverage ratio.

Single-source Heterozygous SE33 Allele ACR Locus

sample genotype spread coverage
54-PB 19 /19 0 0.97 6,641x (8.4%)
54-PC 25.2/30.2 5 0.97  5,689x (7.4%)
54-S2 14.3 / 15 0.1 0.97 7,497x (9.6%)
54-S3 28.2/29.2 1 0.85  9,749x (9.7%)
55-PA 27.2/28.2 1 0.99  3,917x (6.0%)
55-PB 19/ 22.2 3.2 0.91 6,483x (8.4%)
55-PC 27.2 /322 5 0.69 4,672x (5.3%)
55-S1 16 / 16b 0 0.93  2,400x (5.6%)
55-S4 16 /19 3 0.96  5,958x (9.1%)

4. Discussion

The aim of the present work was to perform a comprehensive de-
velopmental validation of the monSTR forensic identity panel [18],
used in combination with the Illumina MiSeq platform and the open-
access STR genotyping software toaSTR. Validation studies according to
the recommended SWGDAM guidelines assessed (1) concordance, (2)
sensitivity, (3) repeatability and reproducibility, (4) the ability to in-
terpret mixtures, (5) mock samples, and (6) species-specificity. We
utilized a set of statistical parameters (Table 1) to evaluate the vali-
dation results: The allele coverage ratio (ACR) was determined for
heterozygous STR loci to estimate the allelic balance under different
conditions. The coefficient of variation of the coverage (CV) describes
the locus coverage balance; the higher the CV value, the larger the
variation in the locus coverages, which can impact sample throughput
of MPS systems [31] or may lead to allele or locus dropouts. PCR
specificity was assessed by the calling ratio (CR) in the toaSTR software;
CR expresses the proportion of on-target reads, which decreases if se-
quence data contains many reads of primer-dimers or non-specific PCR
products. The signal-to-noise ratio (SN) reflects the coverage ratio of
allelic observations and noise observations such as stutter products and
erroneous sequences.

4.1. Performance of the monSTR forensic identity panel

The selection of forensic markers covered by monSTR is compatible
with the expanded European Standard Set (ESS) and also contains
markers commonly used for US databasing. Additionally, the highly
polymorphic locus SE33 is implemented, which is a special feature of
this multiplex panel compared to other MPS-STR kits [13,15]. While the
Verogen ForenSeq system also contains primers targeting SE33, this
marker is neither promoted by the manufacturer nor does the pro-
prietary genotyping software Verogen UAS show results for SE33
[14,32,33]. Detailed analysis of the SE33 performance using artificially
created mock samples indicated a satisfactory amplification with locus
coverages comparable to other STR loci. Borsuk et al. [33] demon-
strated in a comprehensive population study that heterozygous im-
balance of SE33 increased in proportion to increased allele distances.
Conversely, our results indicated good heterozygous balance even for
genotypes exhibiting larger allele spreads except for one sample.
However, these findings should be interpreted with caution, given the
fact that mock samples were sequenced as single replicates.

During the amplification process of forensic STR loci, a certain
quantity of minor products are commonly observed, which are caused
by strand slippage of the DNA polymerase [34-36]. Stutter peaks may
impact STR genotyping interpretation as it can be challenging to de-
termine whether a minor product is a genuine allele from a minor
contributor or a stutter product of an adjacent allele [37]. While in-
depth stutter analysis was not the focus of the present study, N1 stutter
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ratios of monSTR loci were found to be comparable to those of Hussing
et al. [38], who reported N-1 stutter ranges for the ForenSeq DNA
Signature Prep Kit (Verogen). Pentamer STR systems such as Penta E
showed the lowest stutter range (monSTR: 0.4-6.8%, ForenSeq:
2.0-12.3%), whereas high stutter ratios were seen for D12S317
(monSTR: 4.6-26.9%, ForenSeq: 3.1-24.8%). However, as stutter ratios
depend on the genotype, in particular on the length of uninterrupted
repeat stretches of alleles [39], the spectrum of stutter ratios observed
in the present study might be incomplete due to limited sampling.

Robustness was assessed by the sensitivity study, the interpretation
of two-person mixtures, and genotyping of various domestic animals.
The multiplex panel was found to have a robust dynamic range using
DNA inputs between 1000 pg and 62.5 pg. Within this range, complete
and reproducible genotypes with balanced locus coverages were gen-
erated in full concordance with CE-STR typing. These findings corre-
spond to Jager et al. [40] who reported comparable sensitivity results
using the ForenSeq DNA Signature Prep Kit in combination with the
MiSeq FGx instrument and to the study of Miiller et al. [15] who vali-
dated MPS kits for the Ion Torrent platform. Analysis of allele coverage
ratios indicated well-balanced heterozygous alleles (ACR > 0.6) using
DNA inputs of at least 125 pg. DNA quantities below 62.5pg had a
negative impact on the inter-locus balance, as an increased variation in
the coverage of certain loci was observed. DNA inputs of 15.6 pg and
7.8 pg caused allele and locus dropouts. These issues may arise from
stochastic effects during the PCR process with low DNA input. Ad-
ditionally, the library preparation including bead-based size separation
and multiple pipetting steps could cause coverage variation. MPS ap-
proaches have a certain tolerance regarding both high and low per-
forming markers without the drawback of saturated signal output that
may be observed with CE methods. However, strong locus imbalances
can impact sample throughput and genotyping results and should
therefore be avoided. Stronger excess of primers resulting in the for-
mation of primer species may explain the lower amplification specifi-
city (CR) at low DNA input amounts.

We found that the observed minor allele frequency (MAF) was in
good agreement with the true mixing ratio. All nonoverlapping minor
alleles were detected down to a 5% minor contribution, which is
comparable to results of previous studies using the ForenSeq DNA
Signature Prep Kit [14,31,40,41] as well as studies on the Ion Torrent
platform [42]. It is noteworthy that the minor contribution in a strongly
imbalanced 1:49 mixture could be precisely recovered with very low
variation across the replicates. Furthermore, results of the species study
demonstrates monSTR’s specificity for human MPS-STR identification.
STR alleles that were occasionally detected in the animal samples
(CR < 0.5%) may stem from DNA of the animals’ owner or other
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persons which have been in contact with the animals.

Evaluation of accuracy and precision in allele typing was conducted
by analyzing repeatability, reproducibility and concordance between
MPS and CE results of reference and forensic mock samples. Results
demonstrate that the monSTR forensic identity panel produces reliable
genotyping profiles comparable to commercially available MPS-STR
kits [12,15,31]. We observed full length- and sequenced-based con-
cordance in terms of the official NIST certificate of analysis [27] as well
as a high precision across replicates of 2800 M, which were sequenced
in different MiSeq runs and were prepared by the same or by different
operators, respectively. The processing of 14 GEDNAP proficiency
samples demonstrated the panel’s compatibility with artificially created
stains as all MPS-STR alleles were in concordance with CE results, ex-
cept for an allele dropout in sample 55S3 and a discordance at locus
SE33 in sample 54-S1. A “ < 3.2” allele was observed using the CE
technology whereby allele “14” was detected with MPS. A 63 base pair
flanking region deletion, which was covered by the CE kit and the
monSTR panel, was found as the cause for the discordance. This dis-
crepancy was resolved by the fact that CE-based allele calling considers
the full amplicon length including the flanking region, whereas the
allele calling using toaSTR is based on the repeat region. One of the
major advantages of MPS in analyzing STRs is the ability to reveal intra-
allele sequence variants (i.e. isoalleles) that are undetectable by tradi-
tional CE. This feature enabled the identification of 21 alleles exhibiting
sequence variants. These variants may provide a greater discrimination
power in distinguishing individuals and may help to deconvolute mix-
tures.

While the results of this developmental validation suggest that
monSTR is a viable tool, some improvements might be necessary to
optimize the workflow for daily laboratory routine. The protocol con-
tains complex pipetting steps that could cause handling errors.
Currently, the library preparation in a low throughput scenario requires
a hands-on-time of approximately three hours, which is comparable to
the commercially available ForenSeq DNA Signature Prep kit [40]. In
order to increase sample throughput and reduce hands-on-time, further
research will be undertaken to facilitate a fully automated solution. For
example, a fully automated library preparation protocol for the Fore-
nSeq DNA Signature Prep Kit was developed and evaluated by Laurent
et al. [43]. In addition, complex DNA mixtures with three or more
contributors as well as challenging samples from real crime scene sce-
narios need to be analyzed to get a better understanding of the panel’s
potential for forensic casework.

4.2. Impact of MPS raw read quality control

Standardization and quality management of MPS have been pre-
viously identified as crucial aspects for reliable and reproducible se-
quencing results [24]. For instance, laboratory guidelines for MPS-
based applications in clinical diagnostics [44] and microbial ecology
[45] demand quality control (QC) of raw reads as an important pre-
processing step. Ignoring low quality reads may add unreliable and
random information to the dataset and lead to false interpretation of
results. To the best of our knowledge, there is no consensus in forensic
genetics on quality indicators, thresholds, and best practices for the
treatment of sequence data. Previous MPS-related publications did not
report on QC of raw sequences [46-48].

A minimum quality score of Q20 has been proposed in a clinical
context [49]. The Q score expresses the probability of an incorrect base
call. Alternatively, Edgar and Flyvbjerg [50] suggested the expected
number of errors, i.e. the sum of error probabilities in a read, as a better
indicator of read quality than the average Q score. Sequencing errors
can be reduced by quality trimming (truncating reads with low-quality
bases), by quality filtering (discarding reads with low average base
quality) [51], or by merging of overlapping paired-end reads and re-
calculation of quality scores [50]. These treatments are always a trade-
off between loss of sequence data (sensitivity) and quality of the



J. Silvery, et al.

remaining data (specificity) [52]. Tests on the dataset of the develop-
mental validation studies presented here indicated that different quality
filtering algorithms and thresholds may have a substantial impact on
CV, CR, SN, and ACR (data not shown). Unfavorable filtering settings
may skew the obtained STR profile. In view of the lack of forensic QC
guidelines, we decided not to perform any quality treatment on the
underlying raw data.

We would like to enhance awareness for raw data QC in forensic
genetics and encourage a discussion on this topic. It may be discussed
whether current genotyping algorithms are capable of obtaining high
quality profiles even from low quality sequence data. For example, the
toaSTR software maps a read to an STR locus if it approximately mat-
ches a pair of unique anchor sequences in the flanking regions. This
mechanism may be considered as an inherent quality filtering step.
Quality control offered on the autosomal STR online database and QC
platform STRidER [53] (available at https://strider.online/) includes
several a posteriori checks such as plausibility tests and statistical ana-
lyses on compiled autosomal STR genotype datasets. However, MPS
raw data is currently considered only for specific investigations, e.g. to
discern novel observations from errors. Experiences with successful
standardization of raw data QC in other fields such as clinical labora-
tory practice [54] may be transferred to the field of forensic genetics,
probably guided by a central authority such as STRidER.
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