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Zusammenfassung

Das Aufkommen von Sequenzierungstechnologien der nächsten Generation hat zu
einem Boom bei DNA-Sequenzierungsprojekten geführt. Solche Hochdurchsatz-
Sequenzierungsmethoden erzeugen riesige Datenmengen, die vergleichend analy-
siert werden müssen, um Unterschiede zwischen verschiedenen Organismen oder
Umweltbedingungen festzustellen. Außerdem wurde es möglich, den gesamten ge-
nomischen Inhalt einer Probe zu sequenzieren und nicht nur eine einzelne Art.
Dies ermöglichte auch die Analyse von alten Proben. Diese Aufgaben erfordern ef-
fiziente Berechnungsmethoden, die genomische Daten aus mehreren Datensätzen
auf automatisierte, effiziente und reproduzierbare Weise integrieren.

In dieser Dissertation wurden Beiträge zur Analyse metagenomischer Daten-
sätze und spezifischer Genome moderner und alter Datensätze geleistet. Da
alte DNA in der Regel stark geschädigt ist, wird neue oder angepasste Soft-
ware benötigt, um den neuen Herausforderungen zu begegnen. Zunächst wird
die Software DamageProfiler vorgestellt, die effizient die für alte DNA typischen
Schädigungsmuster berechnet, wie z. B. die Häufigkeit von Basenfehlinkorporatio-
nen und die Fragmentlänge. Diese Merkmale werden zur Überprüfung des antiken
Ursprungs der kartierten DNA-Fragmente verwendet und sollten in jede Analy-
sepipeline für die Rekonstruktion alter Genome enthalten sein. Außerdem wird
eine grafische Benutzeroberfläche zur Verfügung gestellt, um die Software auch
für unerfahrene Benutzer zugänglich zu machen.

Die zweite vorgestellte Software ist mitoBench, die sich auf die Analyse mod-
erner und alter vollständiger menschlicher mitochondrialer Genome konzentriert.
Die Workbench bietet eine interaktive Möglichkeit zur Analyse und Visualisierung
kompletter mitochondrialer Genome mit dem Schwerpunkt auf populationsgenetis-
chen Anwendungen. Die gut kuratierte Datenbank, mit der die Workbench ver-
knüpft ist, bietet einen mitochondrialen DNA-Referenzdatensatz, der aus hochw-
ertigen Genomen und Metainformationen besteht.

Der letzte Teil dieser Arbeit befasst sich mit der Analyse von metagenomischen
Datensätzen aus alten Proben. Es werden zwei Anwendungen der metagenomis-
chen Analyse von bisher wenig untersuchten Geweben beschrieben: das Gewebe
mumifizierter ägyptischer Individuen und eine menschliche Beinprobe eines Klein-
kindes, die in Ethanol und Paraffin konserviert wurde. Neben dem Nachweis der
mikrobiellen Zusammensetzung der Probe zeigen die Anwendungen die erfolgre-
iche Gewinnung von DNA aus verschiedenen Krankheitserregern und deren Genom-
rekonstruktion. Die Rekonstruktion der alten Genome von Mycobacterium leprae,
Hepatitis-B-Virus, Variola-Virus und einer Reihe von oralen Krankheitserregern hat
Beiträge zu deren geographischen Ausbreitung und Evolution erbracht.
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Abstract

The advent of next-generation sequencing technologies has led to a boom in DNA
sequencing projects. Such high-throughput sequencing methods generate vast
amounts of data that need to be comparatively analyzed to identify differences
between different organisms or environmental conditions. In addition, it became
possible to sequence the entire genomic content of a sample rather than just a
single species. Such new technologies also enabled the analysis of ancient samples.
These tasks require efficient computational methods that integrate genomic data
from multiple sources in an automated, efficient, and reproducible manner.

In this dissertation, contributions were made to analyzing metagenomic data
sets and specific genomes of modern and ancient data sets.Since ancient DNA
is usually highly damaged, new or adapted software is needed to meet the new
challenges that arise. First, the software DamageProfiler is presented, efficiently
calculating damage patterns typical for ancient DNA, such as base misincorporation
frequency and fragment length. These features are used to verify the ancient origin
of mapped DNA fragments and should be included in any analysis pipeline for
ancient genome reconstruction. In addition, a GUI is also provided to make the
software more accessible to inexperienced users.

The second software presented is mitoBench, which focuses on analyzing com-
plete modern and ancient human mitochondrial genomes. The workbench provides
an interactive way to explore and visualize complete mitogenomes, focusing on ap-
plications with population genetics. The well-curated database linked to the work-
bench provides a mitochondrial DNA reference data set consisting of high-quality
genomes and meta information.

The final part of this thesis deals with the analysis of metagenomic data sets
from ancient samples. Two applications of metagenomic analysis of previously
under-studied tissues are described: the tissue of mummified Egyptian individuals
and a human leg sample from an infant preserved in ethanol and paraffin. In addi-
tion to identifying the microbial composition of the samples, the applications show
the successful recovery of DNA from various pathogens and subsequent genome
reconstruction. Reconstruction of the ancient Mycobacterium leprae, hepatitis B
virus, and Variola virus genomes has provided meaningful contributions to their
geographical spread and insights into their evolution.
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CHAPTER 1

Introduction

The research field of ancient DNA (aDNA) explores the genetic background of
archaeological and paleontological events such as human migration, animal do-
mestication, the evolution of various species, and the dispersal and extinction of
past species. It started in 1984 with a single 229 base pairs (bp) long sequence
from the quagga, an extinct member of the horse family [1]. One year later, the
first human genetic material from a mummified Egyptian individual was published
[2]. This publication was the "kick-off" of this new field of research, and numer-
ous publications appeared with high expectations about extracting DNA from such
ancient samples. However, results such as the retrieval of DNA from dinosaurs [3]
or preserved in amber [4–7] turned out to be contamination from modern and
microbial DNA [8–10]. These data were disregarded because on one hand DNA
molecules cannot survive from several millions of years ago and, on the other
hand, sequencing technologies and analyses methods were at the time not suffi-
ciently developed to deal with the specific properties of aDNA. The polymerase
chain reaction (PCR) method, traditionally used in aDNA research, could amplify
a limited number of specific DNA targets simultaneously when using multiplex
assays. Additionally, only DNA fragments matching the specific targets could be
identified. As a result, damaged DNA fragments, which are crucial for the au-
thentication of aDNA, were lost, and the ancient origin of the mapped reads could
not be verified. Since then, the field was instantly growing, side by side with the
development of new sequencing technologies and DNA enrichment approaches.
With the introduction of the next-generation sequencing (NGS) technology, it be-
came possible to combine amplification and sequencing of up to several billions
of individual DNA library templates at a time. Most importantly, this technology
also can sequence short and damaged DNA molecules, which is well suited to the
characteristics of aDNA. Lastly, with every year the cost of producing NGS data
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Chapter 1. Introduction

decreases and becomes more reasonable.
Together with the development of new software and precautions in the lab-

oratory workflow, such as a sterile work environment, surface cleaning, and the
sample treatment with UV radiation, intense work on our species’ past and their
migration and admixture began in earnest during the past two decades [11–14].
Besides anatomically modern humans, the genomes of archaic hominids including
Neanderthals and Denisovans [15–21] have been successfully sequenced. The anal-
ysis of human DNA usually follows a standard pipeline [22], for which established
software exists [23]. The reconstructed genomes can then be compared with a
relevant data set of other modern and ancient (human) genomes.

Due to the improvements in sequencing technologies and bioinformatics analy-
sis methods, the research field of DNA analysis also extended into entire microbial
communities and specific pathogens. One of the most significant projects in this
area is the human microbiome project [24] to understand the full range of hu-
man genetic and physiological diversity. This analytical approach has also already
reached the field of aDNA, and projects investigating the ancient human oral or
gut microbiome have been carried out [25, 26]. Extensive work has also been con-
ducted to understand the evolution of various pathogens, their genomic structure,
and their links with the host. One example concerns research on Mycobacterium
leprae, the causative agent of leprosy. In 2013, the first reconstructed ancient
genomes from victims of the leprosy epidemic in the middle ages were published
[27]. With a follow-up study in 2018 [28], Schuenemann and colleagues expanded
their data set of ancient genomes. Also, they confirmed their initial findings that
the genome of M. leprae is relatively unchanged over time. However, the origin of
this pathogen still remains unresolved, and more ancient strains from other regions
of the world are needed to shed more light on this aspect.

Bacterial pathogens were not the only focus of ancient DNA research, but
also viruses, including the hepatitis B virus (HBV) [29–31] and Variola virus - the
causative agent of smallpox [32, 33]. Analysis of these pathogens is challenging
in part because of the recombinant components of the genomes [34–37]. While
these regions are already well-handled in other species, for example, the bacterium
Treponema pallidum [38], there is generally no accepted method to address these
regions in the analysis of HBV.

1.1 Contributions of this thesis

This work is based on the research conducted by the Group for Integrative Tran-
scriptomics and the Group for Paleogenetics at the University of Tübingen (Ger-
many), and the Group for Paleogenetics at the University of Zürich (Switzerland).
It was carried out in collaboration with the Max Planck Institute for the Science
of Human History in Jena (Germany) and other international research groups. It
focuses on the analysis of next-generation sequencing data from ancient DNA sam-
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1.1. Contributions of this thesis

ples to provide and improve the methodology for aDNA analyses for both human
and microbial genomes. By increasing the existing data set and performing in-depth
studies with adapted methods, the goal is to better understand various organisms
such as humans, bacteria, and viruses. The prerequisite for this research field is
reliable data obtained from samples from multiple sources. When reconstructing
the genomes of (ancient) DNA samples of either single or many organisms, as it
is possible from a metagenomic sample, every step needs computational support.

1.1.1 DamageProfiler

Although laboratory methods and sequencing technologies continue to improve, it
is still necessary to investigate and verify the ancient origin of the obtained DNA
fragments. Methods developed for this purpose use the characteristic features of
aDNA (Section 2.4) to distinguish between modern and ancient DNA. This is,
among others, based on post-mortem damage that is characteristic for ancient
DNA and leads to specific damage patterns [39–41]. Existing methods [42, 43] for
evaluating these patterns are inefficient and not user-friendly. They also rely on dif-
ferent software and R packages, which makes maintenance difficult. To efficiently
calculate damage patterns in next-generation sequencing data, this thesis presents
DamageProfiler. While methods exist for either the analysis of single-organism
mapping files or the analysis of metagenomic samples [42, 43], DamageProfiler
provides a valuable feature by combining these two cases of application and ad-
dress the lack of user-friendliness and efficiency.

1.1.2 mitoBench

With the advent of ancient DNA research, the study of human evolution has gained
intensity, and genetic variation in mitochondrial DNA (mtDNA) is an established
target for analysis. Although human nuclear genomes have become more acces-
sible through modern sequencing technologies, the use of mtDNA in population
genetics remains highly informative due to its small genome size and easier avail-
ability. For instance, mtDNA has been used to reconstruct demographic events
that occurred in Europe during the period before the Last Glacial Maximum (LGM)
and after the LGM [44, 45], or to trace demographic changes that have shaped
mtDNA variation in past and present populations [46–48]. The array of mtDNA
analysis tools usually are based on different file formats and often require man-
ual intervention for downstream analysis steps, which can be quite cumbersome
and lead to an increased risk of error. This issue also could not be solved with
analysis tools such as Arlequin [49] or the newer MitoSuite [50]. In addition, the
collection of a comparative data set is still challenging. Even though ancient and
modern mtDNA databases are currently available, e.g. EMPOP [51], MitoMap
[52], HmtDB [53], mtDB [54], and AmtDB [55], there is no database available
that provides modern and ancient data and especially their accompanying meta-
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Chapter 1. Introduction

information. Moreover, they typically include only partially overlapping subsets of
all available samples, sometimes with varying degrees of missing information. In
addition, the growing number of complete mitogenomes makes it difficult to keep
up with the available information. To address these issues, we present mitoBench
with its main components: the workbench and the database. With the workbench,
a graphical user interface, the user can perform basic human population genetic
analyses and visualize the results on a selected data set. The database provides
a unique opportunity to easily assemble a well-curated, high-quality comparative
data set of modern and ancient mtDNA genomes.

1.1.3 Pathogen evolution

In addition to humans, uncovering the origin and evolution of pathogens have also
boomed with the study of ancient DNA, but in many cases these questions remain
unresolved. Despite such advances in the field of ancient DNA, work with difficult
material, such as mummified tissue from ancient Egyptians, remains challenging.
Such materials are fraught with questions regarding their overall DNA preservation
due to the hot climate and high humidity in many tombs, as is the case in Egypt,
and the chemicals used in embalming techniques, as well as questions regarding
possible contamination of the DNA, recovered [56, 57]. In addition, methods used
for modern DNA have limited applicability due to low coverage or damage to the
DNA, and thus, must be newly developed or adapted. This work helps to shed light
on questions about the origin, diversity, and genomic structure of HBV, Variola
virus, and M. leprae. Moreover, it is the first metagenomic investigation of various
mummified tissue from ancient Egypt and biological material fixed in ethanol and
embedded in paraffin.

1.2 Outline

This dissertation is divided into six chapters. Following the introduction in Chap-
ter 1, a biological and computational background is given in Chapter 2, providing a
basic understanding of the topics covered in this dissertation. Chapter 3 introduces
DamageProfiler, a software to determine damage patterns in high-throughput next-
generation sequencing data. These damage patterns are essential to verify the
ancient origin of aDNA fragments. The steadily increasing amount of sequenc-
ing data requires the need for a more efficient, intuitive, and widely applicable
software. In Chapter 4, mitoBench is described, a user-friendly workbench to in-
vestigate modern and ancient human mtDNA. The workbench is connected to a
comprehensive database of several thousands of complete modern and ancient hu-
man mitochondrial genomes, which can be loaded into the workbench and used as
a comparison data set for various types of analysis. This part is followed by two
ancient DNA studies in Chapter 5, describing the investigation of the metagenomic
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1.2. Outline

content of mummified Egyptian individuals, as well as the genome reconstruction
of three pathogens: M. leprae, HBV, and Variola virus. The thesis concludes with
Chapter 6, in which the software development and analysis work is summarized
and discussed with an outlook on potential improvements of the introduced tools
and methods.
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CHAPTER 2

Background

This chapter provides the biological and computational basis for a better under-
standing of this work. The first part will introduce the reader to the history of
sequencing technologies focusing on next-generation sequencing, which facilitated
a major advancement in ancient DNA research. Then, the genetic variation at
the DNA level is presented, followed by introducing mitochondrial DNA. Next,
an overview of the specific characteristics of ancient DNA is provided, laying the
groundwork to understand the facilities and importance of differentiating ancient
and modern DNA as described later. Finally, the chapter closes with a presenta-
tion of the methods used in this thesis to analyze and reconstruct metagenomic
communities and single genomes and highlight the bioinformatic challenges in this
field.

2.1 DNA sequencing

The research field of DNA sequencing was built upon the initial developments af-
ter the first determination of the DNA structure by Watson and Crick in 1953
[58]. Twelve years later, the group led by Robert Holley was able to determine
the order of the nucleotide acids for the first time [59]. The breakthrough of DNA
sequencing followed in 1977 with so-called ’Sanger Sequencing’ [60]. This was the
beginning of automated sequencing, which was the predominant technique for the
following three decades. It led to the sequencing of even larger genomes, culmi-
nating with the Human Genome Project [61, 62], which is still the world’s largest
biological collaboration project and was completed in 13 years at the cost of nearly
$3 billion. This opened the door for large-scale sequencing projects to investigate
human sequence variation; however, Sanger sequencing was too labor-intensive,
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2.1. DNA sequencing

Figure 2.1: Main steps of Illumina Sequencing: (1) Library preparation, (2) DNA
library bridge amplification, and (3) DNA library sequencing applying Sequencing-
by-Synthesis (SBS). The figure is adapted from [74].

time-consuming, and expensive for these types of projects. In 2004, the National
Human Genome Research Institute started a program to reduce the cost of se-
quencing the entire genome to $1000 in 10 years [63]. In this setting, massively
parallel sequencing was introduced and became known as next-generation sequenc-
ing (NGS) technology. These techniques mostly employ sequencing by synthesis
(SBS), which combines cycles of biochemistry and imaging. For SBS, three main
strategies were developed. The pyrosequencing approach involves the discrete,
stepwise addition of each deoxynucleotide (dNTP), which releases pyrophosphate
that is tracked with a luciferase assay [64]. A second strategy uses the specificity
of DNA ligases to attach fluorescent oligonucleotides to templates in a sequence-
dependent manner [65, 66]. Eventually, however, a third approach was established
involving stepwise, polymerase-mediated inclusion of fluorescent-tagged deoxynu-
cleotides [67, 68].

The sequencing technologies developed further, and third-generation methods,
such as PacBio SMRT [69] and Oxford Nanopore [70], are progressing rapidly.
These methods are specialized in producing longer reads [71]. However, these
methods still have a much higher error rate compared to NGS [72, 73], which can
negatively impact downstream processing, such as genome reconstruction. For this
reason and due to the short length of ancient DNA molecules, this work focuses on
Illumina’s state-of-the-art sequencing methodology, which is currently the favored
method in aDNA research.

Illumina sequencing can be divided into three main components: (1) the library
preparation, (2) DNA library bridge amplification, and (3) DNA sequencing, as
illustrated in Figure 2.1.
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Chapter 2. Background

Figure 2.2: Schematic overview of fully realized library molecule indicating the
sequencing direction for reads 1 and 2 and the index reads 1 and 2; P5 and P7 are
the anchor sequences during read 1 and read 2, respectively.

Sequencing library preparation

Following DNA extraction, DNA molecules are converted into DNA libraries. Usu-
ally, DNA molecules have to be broken down into smaller fragments beforehand,
but due to the high degree of postmortem fragmentation, this is not necessary for
aDNA [75]. Two common ways of preparation are the double-stranded (dsLib) [75]
and the single-stranded (ssLib) [76] library protocol. While the former has already
been in use for many years, the latter was introduced in 2013 and promised to per-
form better on highly degraded DNA. Each strand of the fragment is considered
independently. Since the ssLib protocol is not applicable for all aDNA projects
due to high costs and lower throughput, the dsLib protocol was established as the
standard method. With improvements to the ssLib protocol in 2017 and 2020 [77,
78], it became viable for more aDNA research groups.

The following section will focus the dsLib protocol as the projects discussed
here only employed this method. Using this protocol, DNA sequencing adapters are
attached to both ends of the DNA fragment to build a library for NGS sequencing.
A fully realized adapter sequence contains several specialized parts (Figure 2.2 for a
schematic representation): an anchor sequence, with which the fragment attaches
to the flow cell; a primer sequence, which functions as the binding site for the
sequencing primer and the optional index; an optional index sequence used for
bioinformatic separation of multiplexed samples after sequencing; and an optional
second primer sequence for a possible second read and index.

The assignment of a second primer and index also reduces costs, as multiple
libraries can be sequenced together. A unique index combination is used per library,
which helps avoid cross-contamination with other samples that are simultaneously
sequenced. Only correct and fully formed molecules are processed further.

Bridge amplification and sequencing

Illumina sequencing is also described as sequencing by synthesis (SBS), of which
the main steps are illustrated in Figure 2.1. Once the molecule is linked to the
flow cell via complementary sequences, a bridge amplification process amplifies
each fragment and produces clonal clusters. These are necessary to increase the
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2.2. Genetic variation

Figure 2.3: Paired-end sequencing resulting in a forward and reverse read. Due
to the short length of the DNA fragments, the reads can be merged based on the
negative insert site. This results in a longer DNA fragment with overall higher quality.

fluorescent signal in the latter sequencing reaction. SBS itself begins with the
extension of the first sequencing primer to produce the first read. With each cycle,
four tagged nucleotides compete for the addition to the growing chain. Only one
is incorporated, based on the sequence of the template. After adding the individ-
ual nucleotides, the clusters are stimulated by a light source and a characteristic
fluorescence signal is emitted. The emission wavelength, along with the signal
intensity, determines the base call. Hundreds of millions of clusters are sequenced
in a massively parallel process, and state-of-the-art sequencing machines, e.g., Il-
lumina’s NovaSeq6000 sequencing system, can produce up to 6TB of 2 × 250bp
read length in less than two days [79].

Paired-end & single-end Sequencing

Illumina sequencing can be distinguished in single-end (SE) and paired-end (PE)
sequencing, which can be used independently of the library preparation protocol.
While SE sequencing reads the DNA fragment from only one end to the other, PE
sequencing sequences the fragment from both ends. If paired-end sequencing is
applied to short fragments, it results in a negative insert size, meaning that there is
an overlap between two sequencing reads originating from a single DNA fragment
(Figure 2.3). For aDNA analysis, this is an advantage; read 1 and read 2 are
merged based on the overlap using adapted methods that construct a consensus
call by taking the base with higher quality, thus improving the overall quality of the
data set. PE sequencing also provides advantages with modern applications, as it
enables the detection of genomic rearrangements and repetitive regions within a
genome, as well as the ability to detect insertion-deletion variants [80].

2.2 Genetic variation

Genetic variation is defined as the differences in DNA sequences between individ-
uals or populations of individuals. These differences are the key to insights into
the genetic history of the human species. Variation is caused by multiple sources,
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Chapter 2. Background

Figure 2.4: Screenshot of IGV [81], showing reads mapping to a reference genome
with a SNP call at position 8860. While the reference is showing a ’A’, all fragments
mapping to the reference have a ’G’ at that position.

including mutations and genetic recombination. With advances of the NGS se-
quencing technologies (Section 2.1), studies on a population-scale have become
possible.

2.2.1 Single nucleotide polymorphisms

Of particular interest to population, genetics are single nucleotide polymorphisms
(SNPs), variants at a single base pair position. SNPs play an essential role in
explaining disease susceptibility and phenotypic differences between populations
and represent the only visible genetic marker. Therefore, SNPs are often inspected
by hand with the help of appropriate software, such as the Integrative Genomics
Viewer (IGV) [81] shown in Figure 2.4. SNPs are evolutionary variations and accu-
mulate over time. The differences of individual genomes and groups of individuals
are therefore defined by their set of shared and unique SNPs. They can be used to
determine the placement of newly sequenced genomes within the known diversity
of already sequenced genomes.

For diploid organisms, combinations of base pairs can be defined at any ge-
netic locus. These combinations are called genotypes. Combinations of genetic
variants located on the same chromosome are called haplotypes. A haplotype
can be specific to an individual, a population, or even a species and plays an im-
portant role in disease and population genetics. For example, sickle-cell anemia,
β-thalassemia, and cystic fibrosis result from SNPs [82–84]. Another example is
the International HapMap Project, where individual combinations of SNPs are used
as genetic markers [85].
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2.3. Measures and visualizations of genetic distance

2.2.2 Insertions and deletions

Another form of genetic variation is insertions and deletions (INDELs), which are
typically measuring from 1 to 10,000 base pairs in length [86, 87]. Large-scale
changes in DNA are chromosomal inversions and translocations. An inversion is a
chromosome rearrangement, where a part of the chromosome is inverted end-to-
end. In contrast, translocations are a phenomenon that results in an unusual rear-
rangement of chromosomes. A particular case of translocations are NUMTs (nu-
clear mitochondrial DNA segments) [88], which are limited to the human genome
and are segments of the mtDNA that can be found in the nuclear genome, for
example, on chromosome 1. One of the challenging areas of molecular biology
and bioinformatics is the detection of variation. This is further complicated by
false-positive variants, caused e.g. by sequencing errors or bases that are chem-
ically modified, as is often the case for aDNA (Section 2.4) [41, 89]. Especially
the analysis of DNA modifications resulting in more extensive structural changes
is limited by short-read sequencing.

2.2.3 Genetic Recombination

The exchange of genetic material between different organisms is called recombi-
nation [90], which leads to new gene and feature combinations. While mtDNA is
not affected by recombination (Section 2.6), it can be observed in nuclear DNA,
e.g. driven by sexual reproduction [91], and abundant bacteria and virus species,
such as the Treponema pallidum bacterium [92, 93] and hepatitis B virus [34].

2.3 Measures and visualizations of genetic dis-
tance

When studying species and populations, it automatically leads to the question:
how similar or different is the newly reconstructed genome to other strains of the
same or closely related species, and how does it behave on a population scale? This
can be answered by using several methods to measure the distances within and
between populations and can be used to investigate humans, as well as bacterial
and viral species. The following paragraphs focus on the most commonly used
methods in population genetics and are also applied during the analysis of the
projects presented in this work.

2.3.1 Fst value

There are two ways of measuring genetic distances: the distance within and be-
tween populations [94]. The distance within a population describes the genetic

11



Chapter 2. Background

diversity H, which defines the degree of relatedness of individuals within a pop-
ulation. With this, the distance is expressed by the number of bases that are
different between the DNA sequences of the considered individuals. The distance
between populations is also derived from the genetic diversity H and is based on
the partitioning of the total genetic variance into components within and between
populations. Formally, the total genetic diversity is defined as HT , which assumes
that all individuals considered are from the same population. The average genetic
diversity within groups is denoted as HS and obtained by calculating H for each
group individually and taking the average value. Taking HT and HS together by
subtracting the average within-group diversity from the total diversity, then divid-
ing by the total diversity (Formula 2.1), resulting in a measure of genetic distance,
called Fst.

Fst = HT −HS

HT

(2.1)

This value can range from 0 to 1, where 0 means that the populations are
identical, and 1 indicates that they do not share any genetic material. The Fstvalue
is usually visualized by a heatmap, where each row and column represents one
population. The genetic distance between the populations is highlighted in colors,
where white represents Fst=0 (genetically identical) and dark blue Fst=1 (no
genetic material shared). However, the display of a distance matrix quickly reaches
gargantuan proportions (e.g., for 50 populations, there would be 1225 distance
values). While probably only a few people can see any pattern in a large matrix,
most need a different kind of visualization - the following presents two frequently
used possibilities: Principal component analysis plots and trees.

2.3.2 Principal component analysis

A similar approach follows the principal component analysis (PCA). The PCA is
a way to extract strong patterns from large and complex data sets. The essence
of the data is captured in a few principal components, which convey most of the
variation in the data set. The PCA reduces the number of dimensions without
selecting or discarding them. Instead, it constructs principal components that
focus on variation and account for the multiple influences of the dimensions. Such
influences can be traced back from the PCA plot to determine what generates the
differences between clusters. For mtDNA, a PCA represents the data points and the
haplogroups that explain the composition of the considered samples best. Besides
a distance matrix, a PCA can be generated from a matrix of gene frequencies,
depending on the input data set.
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2.4. Characteristics of ancient DNA

2.4 Characteristics of ancient DNA

Besides the DNA recovered from modern individuals, it is also possible to retrieve
DNA from fossils or other ancient material because DNA can survive in dead
organisms under favorable conditions for thousands of years. The preservation of
the DNA can be influenced, e.g., by temperature, humidity, or pH value [89, 95,
96]. While many parts of DNA analysis are the same for ancient and modern DNA,
there are some aspects that need to be considered and also require adaptation to
existing methods and the development of new software. The aDNA research is
faced with different challenges in comparison to modern DNA due to specific
characteristics, which can also be used to authenticate the ancient origin of DNA
fragments and are elaborated in this section.

Living organisms keep their DNA intact using different repair mechanisms [39].
Immediately after death, these cease to work, and the DNA starts to degrade.
Ideal conditions can slow down the degradation. However, it can not be stopped
completely. This form of natural degradation breaks down the DNA fragments
into tiny pieces [97], resulting in an average fragment length of 40-60bp [57]. Not
only does the size of the DNA fragments decreases, but also the amount of DNA.
The endogenous DNA, meaning the DNA that belongs to the species of interest,
is usually very low, often less than 3% of the total DNA contained in a sample [98,
99]. As a result, most of the DNA belongs to other sources, mainly environmental
DNA (e.g., DNA from bacteria, viruses, fungi, etc.) or contamination from modern
human DNA introduced by people handling the sample during excavation, archival,
or laboratory work.

In addition to the decreasing quantity and fragment length, ancient DNA is also
affected by chemical damage that changes the shape of the DNA [41]. Hydrolytic
attacks on the phosphate backbone of the molecule, e.g., destabilizes the DNA
strand [100]. Other effects mostly lead to gaps between subsequent bases in the
DNA strand, double-strand breaks, and cross-links [39, 40]. However, the most
common damage has the effect of cytosine (C) to uracil (U) base substitution
(Figure 2.5), which predominately affects the single-stranded overhanging ends of
the fragmented double-stranded DNA and can be observed to varying degrees.
As uracil is read as thymine (T) during DNA replication, this results in cytosine
to thymine base misincorporations in the sequenced aDNA fragments. This base
substitution can be observed with increasing frequency towards the 5’end of the
fragment and accumulates over time. The complementary base substitution of
guanine (G) by adenine (A) can be seen at the 3’end.

2.5 Analysis of (ancient) NGS data

The analysis of ancient DNA differs from the analysis of modern DNA due to
the post-mortem DNA modifications, resulting in highly fragmented and damaged
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Chapter 2. Background

Figure 2.5: Conversion process of cytosine to uracil. Cytosine becomes uracil by
methylation, which is read off as adenine during DNA template generation. In PCR
amplification, the adenine is complemented by thymine.

DNA. Specific methods have been developed, and parameters were adapted to
perform metagenomic analysis, ancient genome reconstruction, and the authenti-
cation of ancient reads. The methods that were used in this work are presented in
the following paragraphs.

2.5.1 Metagenomic analysis

The metagenomic analysis describes the assessment of all genetic material in a
sample, regardless of its origin. This analysis is based on DNA fragments from next-
generation sequencing, which undergo several preprocessing steps. After adapter
removal, all reads are filtered for length and, if paired-end sequencing was done, the
reads are merged. Then, the resulting reads are trimmed to a certain quality. Sub-
sequently, the resulting DNA fragments are mapped against a reference database,
set up by the user, and consist of various species. Due to the increasing amount
of sequencing data, even for old samples, and many available reference genomes,
the mapping process is very challenging. To solve these problems efficiently, the
software MALT (MEGAN alignment tool) [101] was developed. By adapting the
mapping parameters, it can also be used for ancient DNA.

Based on the taxonomic assignment, it is possible to determine the microbial
communities within the samples by comparing them with already known com-
munities. Available methods, e.g., SourceTracker2 [102], compare the microbial
composition of the input sample to a set of reference microbial communities and
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determine their percentage. Unclassified species are marked as ’unknown’.

2.5.2 Pipeline for ancient genome reconstruction

Another focus of aDNA research is the reconstruction of a specific genomes and
usually includes quality assessment, read preprocessing, mapping, and genotyp-
ing. Since the execution of the individual steps by hand is very error-prone, time-
consuming, and challenging to reproduce, the EAGER pipeline [23] provides a
fully automated way of mapping reads from high-throughput sequencing against
a specific reference genome. EAGER is optimized for, but not limited to, the re-
construction of ancient genomes and therefore allows the preparation of ancient
genomes and the modern comparative data set simultaneously. It follows the GATK
(Genome analysis toolkit) best practice guidelines [103] and the parameters tested
best for ancient DNA are set as default [22, 104].

The pipeline consists of three components preprocessing, read mapping, and
genotyping. The preprocessing step is based on the raw sequencing data and in-
cludes quality trimming, read merging, and length filtering. Then, the resulting
reads are mapped against a reference genome, taking into account various param-
eters such as mapping quality and several mismatches. After assessing statistics
to verify the ancient origin of the reads, variants can be called to be later able to
reconstruct the genome. Moreover, the variants can be categorized according to
their effects, and coding effects can be predicted based on the genomic locations.

2.6 Human population genetics using mitochon-
drial DNA

Besides the nuclear genome, all species having mitochondria also have an ad-
ditional genome present in their cells: mitochondrial DNA [105]. MtDNA is
a double-stranded, circular, closed covalent molecule of 16569bp that has been
completely sequenced [106]. Due to its small size, maternal inheritance [107],
high copy number [108, 109], high mutation rate [110], and lack of recombination
and population-level variability [111, 112], mtDNA is a popular resource in popu-
lation genetics given its ability to facilitate analyses. Also, the use of mtDNA is
not limited to humans but can also be applied to other species [113–115]. One
feature of mtDNA is the classification into haplogroups, which are defined by a
group of haplotypes (Section 2.2) shared by individuals. However, this division is
based on known variation. If new variants are found, this can potentially change
the mtDNA tree or confuse naming and ordering.

In this work, the focus is on human mtDNA and its analysis. Since only
mtDNA was affordably retrievable from ancient samples for a long time, many
studies on human population genetics are based on it [46, 116–118], and still
are [119–121]. Among others, these studies found that haplogroups, which are
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Figure 2.6: A haplotype map showing the migration of haplogroups worldwide
(adapted from http://www.gbpec.ac.in/research/HgsDb/mtdna.html).

defined by the genetic variation of mtDNA, can be assigned to specific regions of
the world. Based on human mitochondrial haplogroup research, maps have been
created that show the distribution of various haplogroups throughout the world
(Figure 2.6). These maps contain information about the order in which SNPs
have appeared over time and provide a variety of interesting information, such as
the ethnic composition of a population and the history of past human migrations
to different parts of the world. The groups are named from A to Z in the order
of their discovery, and subgroups are defined by adding numbers and letters (e.g.,
N1a is a sub-haplogroup of N1, which belongs to haplogroup N). All information is
collected and displayed in PhyloTree [122], which is the only systematical collection
of haplogroups publicly available to date. The root of this tree represents the so-
called Mitochondrial Eve, which stands for the matrilineal most recent common
ancestor (MRCA) of all currently living humans [123–125]. In other words, the
Mitochondrial Eve defined the most recent woman, from whom all living humans
originate in an unbroken line solely through their mothers and the mothers of those
mothers, going back until all lines converge.

2.7 Ancient pathogen genomics

Ancient pathogen genomics is a scientific field concerned with the study of pathogen
genomes. These are typically obtained from ancient human, plant, or animal re-
mains. Ancient pathogens are microorganisms, some of which are now extinct,
that have caused several epidemics and deaths worldwide in past centuries. Typi-
cal sources of ancient DNA are the remains (bones and/or teeth) of victims of the
pandemics caused by these pathogens.
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2.7. Ancient pathogen genomics

With the development of NGS and appropriate computational methods, the
analysis of ancient pathogen genomes became possible. The process begins with
the extraction of DNA from ancient samples, followed by NGS library construction
and (if necessary) subsequent capture-based screening (Section 2.1). Computa-
tional tools are used to map NGS-derived reads against a single- or multi-genome
reference. Alternatively, metagenomic profiling or taxonomic assignment methods
from shotgun NGS reads can be used (Section 2.5).

By analyzing ancient pathogen genomes, researchers can understand the evo-
lution of modern microbial strains that can potentially cause new pandemics, or
outbreaks [126]. Analysis of aDNA is performed using bioinformatics tools and
molecular biology techniques to compare ancient pathogens with modern descen-
dants, providing phylogenetic information about these strains. This provides a
detailed look at microbial evolution, with the goal of better understanding the
interactions between pathogens and their hosts on an evolutionary time scale. It
also uncovers the origins of various pathogens and unravels the genetic processes
involved in their epidemic emergence in human populations. It has succeeded in
reliably identifying the pathogens of past pandemics. The first such genome, pub-
lished in 2011, was that of the notorious bacterial pathogen of Yersinia pestis, the
causative agent of plague [127]. Subsequent analyzes achieved a more precise de-
termination of its genome, and further insights into the evolutionary history [128,
129]. Other examples include M. leprae [27, 28], HBV [29–31], and Variola virus
[32, 33, 130, 131], which are presented in more detail in Chapter 5.

The analysis of sequence data obtained by NGS is based on the same computa-
tional approaches used for modern DNA (Section 2.5), with some special features.
For example, damage patterns characteristic of ancient DNA must be assessed and
accounted for (Section 2.4). Other genomic features complicate further analysis.
In the case of HBV or Treponema pallidum, genetic recombination [34] occurs.
This interferes with phylogenetic analysis by leading to incorrect phylogeny, thus
interfering with the analysis of the evolution of the pathogen. While this problem
can be addressed, for example for Treponema pallidum [38, 132], there is no solu-
tion yet for HBV and further research is needed. Another problem is the diversity
of genomic strains available. To construct a complete picture of the evolution
and spread of a pathogen, strains from different ages and geographical regions are
needed.
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CHAPTER 3

DamageProfiler: Fast damage pattern calculation for
ancient DNA

Text and figures in this chapter were adapted with modifications from our work
published in Bioinformatics [133].

3.1 Introduction

The use of damage patterns in ancient DNA analysis is still the most applied
method to verify the ancient origin of the mapped DNA fragments. Whit these
patterns, it can be distinguished between modern and ancient DNA, e.g., to iden-
tify modern human DNA contamination. The patterns rely on specific aDNA
characteristics, which are a short fragment length [57], preferential strand breaks
at purine bases [41], and increasing frequency of cytosine (C) to thymine (T) base
substitutions towards the end of the fragment [41] (Section 2.4). Besides accessing
the content of modern human DNA in ancient samples, for which a variety of ap-
propriate tools already exists such as schmutzi [134], contaMix [118], DICE [135],
and ANGSD [136], the authentication of sequenced samples is a central step in the
aDNA analysis and still offers potential for improvement in terms of efficiency and
usability. Methods such as mapDamage2 [42] and PMDTools [43] are typically
used to assess the damage patterns in next-generation sequencing data. Due to
advances in sequencing technology, the number of sequenced DNA increases, and
the costs reduce. This also opens up DNA analysis to less experienced users and
requires user-friendly and intuitive software. Furthermore, the methods need to be
efficient in order to process large mapping files. Unfortunately, the tools available
are only command-line-based and inefficient or not applicable when large quantities
of data need to be analyzed.
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While the focus of aDNA research was limited to single genomes for many
years, new techniques and methodologies have made it also possible to now study
the genomic entirety of an ancient sample, e.g., a specific body part or environment
[25, 26, 137, 138]. Consequently, there is a need for suitable software that can
assess the damage patterns of several species simultaneously and provide detailed
results for each species and suitable overview files. This is one of the targets of
the existing software HOPS (Heuristic Operations for Pathogen Screening) [139],
which is connected to the metagenomic mapping software MALT [101]. HOPS
runs on the MALT output file and calculates specific statistics that can be used
to verify the ancient origin of DNA fragments. However, it cannot be executed on
mapping files from software other than MALT, which also demonstrates the need
for an efficient, independent, and user-friendly software, combining the evaluation
of damage patterns from single as well as metagenomic mapping files.

In this thesis, DamageProfiler has been developed to fill these gaps. It evalu-
ates the read length distribution and the accuracy of the mapped reads and the
frequency of base substitutions within the assigned reads, both aforementioned
characteristic features of aDNA. The results are stored in various file formats to
make them easily accessible for further processing. DamageProfiler can process
metagenomic mapping files independently of the underlying mapping software and
generate damage patterns for a user-defined list of species. The result is a detailed
per-species report and an informative overview file with all species. To facilitate
the use of DamageProfiler, a graphical user interface is provided in addition to its
use as a command-line application to simplify the configuration and to examine
the results interactively. This allows even inexperienced users to explore their sam-
ples without in-depth computational knowledge easily. In addition, detailed online
documentation supports the understanding of the individual functions provided by
DamageProfiler. Finally, a log file is automatically generated in which every pa-
rameter of the analysis is recorded to reproduce the results later. The following
sections describe how the damage patterns are calculated by DamageProfiler, the
development (Section 3.3), the testing and deployment (Section 3.4), and the
functionality of the resulting application (Section 3.5) in more detail.

3.2 Calculation of damage patterns

Various statistics are calculated to assess the degree of degradation of the mapped
next-generation sequencing reads. These include the frequency of base substitu-
tions per position of the DNA fragment, the fragment length distribution, and the
Hamming distance between the DNA fragments and the reference genome.

The first mentioned base exchanges occur by chemical modifications post-
mortem and mainly involve cytosines happening at the 5’ and 3’ end of the DNA
fragment (Section 2.4). The frequency of each type of substitution is determined by
comparing the base of each position of the DNA fragment with the corresponding
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base of the reference. These are stored as a table and then visualized as a line
chart, where each type of base substitution corresponds to a line. The most
common types of base substitutions are C to T and G to A, which are also specially
highlighted in the visualization.

The differences of the DNA fragment compared to the reference genome are
calculated using the Hamming distance, which is the number of positions between
two strings of the same length where the corresponding symbols are different. The
result is visualized as a histogram.

For the length distribution of DNA fragments, each mapped fragment’s bases
are determined, and the resulting distribution is plotted as a histogram.

3.3 Development

DamageProfiler is written in the Java programming language and the GUI is de-
veloped in JavaFX. It has been developed to be platform-agnostic and the source
code is freely available on GitHub1. The software can be run via a jar file that is
available on GitHub and is available as a Bioconda package [140]. All parameters
are explained in the online documentation2 and are briefly described within the
help text of the tool itself.

DamageProfiler can be started and configured with the command line or the
graphical user interface. While the command line provides the possibility of a fast
configuration of all parameters and eases the integration into pipelines and the
execution on clusters, e.g., when running more extensive jobs, the GUI allows even
inexperienced and computer-illiterate people to use it easily. It is designed to be
user-friendly and allows the easy configuration of the run and the visualization and
interactive exploration of the results.

The main window of the GUI is divided into two parts: the navigation panel
on the left and the main panel on the right side (Figure 3.1a). After starting
DamageProfiler, the user is asked to specify the required parameters for input,
followed by the possibility of setting additional parameters for the output directory
and visualization, such as a title or specific colors. The help page, which can be
accessed via the navigation panel, offers more information about each parameter,
and a detailed description including examples can be found in the online docu-
mentation. After setting all required parameters, the Run button will be enabled,
through which the analysis can be started. The status of the calculations is visu-
alized with the status bar, next to the Run button. After completion, the results
are visualized directly in the main window (Figure 3.1b), and the user can navigate
through the damage plot, length distribution, and the visualization of the edit dis-
tance. The results are also directly saved in various file formats at the specified

1https://github.com/Integrative-Transcriptomics/DamageProfiler
2https://damageprofiler.readthedocs.io/en/latest/
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(a) Configuration of DamageProfiler. (b) Visualization of the results.

Figure 3.1: GUI of DamageProfiler. The main window is used (a) to configure the
run, which can then be started directly from the GUI and (b) to visualize the results.

location. If the sample is metagenomic and multiple species need to be considered,
the results are displayed as separate tabs per species.

3.4 Testing & deployment

Software development always confronts the developer with the challenge of creating
clean and working code. Various appropriate software and services exist and can
be put together according to the needs of the software developer. Especially when
developing more complex software and toolboxes, it is crucial to ensure the correct
behavior of each part. While unit tests solely validate the functionality of specific
methods, it is also necessary to test more complex processes. For this, developers
use continuous integration (CI) to ensure consistency by automatically (re)building
the software during development and applying integration tests.

The developing process of DamageProfiler is kept simple as shown in Figure 3.2.
The elementary methods are tested using JUnit 53 to ensure that all functionality is
working correctly. Each code change is reassessed using the continuous integration
service Travis CI4. Only a configuration file needs to be specified. It is then used
to build the code and test it automatically after every code change is submitted
to the GitHub repository, and feedback is provided immediately. After successful
testing using JUnit 5 and Travis CI, an executable file is created using the Gradle5

build tool. Relying on Gradle ensures that all used software libraries are up-to-date

3https://junit.org/junit5/
4https://travis-ci.org
5https://gradle.org/
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Figure 3.2: DamageProfiler. The code is organized in an online repository. Each
push triggers a validation of the code by Travis CI. The software is then built using
gradle and is available as anaconda package and at BinTray. JUnit 5 tests are used
to verify the functionality of the methods.

and compatible with the source code. Finally, the resulting binaries are uploaded to
Bintray6, a free software distribution service, including a version tag. Bintray also
keeps previous versions of DamageProfiler downloadable, which allows the user to
(re)run analyses with all so far published versions. In addition, the release of a new
version also triggers the automated build of an Anaconda package, which eases
the installation process for the user.

3.5 Resulting application

DamageProfiler is a Java application for fast calculation and visualization of dam-
age patterns in ancient DNA, which are typically used to verify the ancient origin
of aDNA fragments [15, 96]. Based on the provided input file, the tool calculates
the length distribution of all mapped reads, the number of bases by which read
and reference differ (by calculating the edit distance), and the damage profile. The
latter is the most commonly used feature for authentication of aDNA. It describes
the frequency of misincorporation of cytosine to thymine bases per position of the
fragment and the resulting complementary misincorporation of guanine to adenine
bases. In addition, various statistics, base frequencies, and composition of the
sample and reference are provided in text format.

DamageProfiler can be applied to single-reference and metagenomic mapping
files (Section 3.5.2). Both can be used with the CLI and GUI, which allows a simple

6https://bintray.com/
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configuration and subsequent interactive exploration of the results. This section
provides details about the input and output options and describes all features of
DamageProfiler.

3.5.1 Input and output files

DamageProfiler accepts a mapping file in SAM, BAM, or the newer CRAM format,
which are the standard mapping file formats. For each record in the mapping file
that maps against the reference genome, the reference sequence belonging to the
particular fragment is calculated based on the MD tag and CIGAR string of the spe-
cific record using the Java library htsjdk [141]. The MD tag encodes mismatched
and deleted reference bases, while the CIGAR string is a compressed format of
describing an alignment. As a result, the reference file is not required to assess the
damage patterns. This is particularly helpful if the input file is a multi-reference
mapping file. If the record does not provide the MD and CIGAR information, the
reference file must be an additional input parameter for recalculating the values.
Based on the mapped DNA fragment information and the corresponding reference
sequence, the damage patterns can be calculated and are finally provided in differ-
ent file formats. This includes PDF and SVG format (Figure 3.3), which simplifies
further processing, as well as TXT and JSON for advanced downstream analysis.
All values on which the visualizations are based and other statistics, e.g., base
frequencies and compositions, are provided as text files. The length distribution
and base substitution frequencies are also stored in JSON format, a standard stan-
dardized file format, which eases the parsing of the results when integrating the
output into an automated report generation tool, such as MultiQC [142]. The
final result files can either be inspected directly or within the GUI, which provides
an interactive exploration of the results.

3.5.2 Analysis of metagenomic samples

DamageProfiler also accepts multi-reference mapping files, which can be considered
a combined single-reference mapping file, such as the case for metagenomic studies.
In this case, a list of the species of interest is required and needs to be provided by
the user (Figure 3.4a). A complete damage patterns calculation will be conducted
for each species in this list, including all output files as described above. The GUI
also represents the result of each species in a separate tab, allowing the user to
compare and switch between the different damage patterns quickly (Figure 3.4b).
In addition, a summary file in PDF format is provided that contains an overview
of the damage patterns of all species in the list (Appendix, Figure A.1).
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Test sample
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Figure 3.3: Graphical output of DamageProfiler. (a) The frequency of base misin-
corporations on the DNA fragment. The x-axes are the position in the DNA fragment
from the 5’ and 3’ end, respectively. The frequency is given on the y-axis. (b) Ham-
ming distance between DNA fragment and the reference genome. The x-axis shows
the number of bases that differ, the number of DNA fragments is given on the y-axis
(c) Read length distribution of all mapped DNA fragments. The length is given on
the x-axis, the number of reads on the y-axis. The left part shows all DNA fragments.
On the right figure, the strand direction is distinguished.
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(a) Specifying the list of species.

(b) Representation of the result of the metagenomic analysis.

Figure 3.4: Metagenomic analysis with DamageProfiler. (a) The user needs to
specify a list of species for which the damage patterns have to be calculated. This
can be either entered directly or provided as a text file. (b) The damage patterns of
each species are represented in a single tab.
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3.5.3 Managing various library preparation protocols

For library preparation, two different protocols exists: the single-stranded (ssLib)
[76] and the double-stranded (dsLib) [75] library protocol (Section 2.1). Until
recently, the dsLib protocol was commonly used for aDNA analysis, as the ssLib was
too expensive to be applied in most ancient DNA labs. Because of the reduction
of costs by the use of less expensive chemicals and improvements of the protocol
[77, 78], it also became applicable for labs with a more limited budget. As the two
protocols work differently, DamageProfiler has been adapted to both methods. In
particular, the DNA fragments prepared using the ssLib protocol no longer have
the G to A substitutions at the 3’ ends. This makes their visualizations redundant
and is therefore excluded from the damage plot when selecting the ssLib-option.

3.5.4 Runtime improvement

Due to the increasing amount of genomic data, the software must run in a
reasonable time. Therefore, this was also one of the main improvements of
DamageProfiler compared with existing software. Java libraries providing the re-
quired functionality were used whenever possible to achieve an increase in the
runtime. For example, DamageProfiler relinquishes the manual reconstruction of
the reference sequence of a specific record but uses the htsjdk library [141]. In
addition to the time reduction, this also diminishes the actual code and prevents
associated errors.

3.5.5 Runtime estimation

Along with the increasing amount of sequencing data, the size of the BAM files also
becomes larger. This also increases the runtime of DamageProfiler (Table 3.1),
which makes the GUI unsuitable for large files. DamageProfiler ascertains the size
of the input file and the number of read operations before execution and informs
the user if the use of the command line version is recommended due to the file
size. This message also provides the complete command to run the analysis via
the command line.

3.6 Evaluation

3.6.1 Correctness of damage patterns

To ensure the correctness of DamageProfiler, it was evaluated on a simulated data
set and a previously published sample [119].

Gargammel [143] was used to simulate an Illumina HiSeq 2500 data set with
1 million fragments and a fragment length of 55bp. A deamination pattern with
18%, 11%, and 7% C-to-T misincorporation frequencies at the first, second, and
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(a) Output of DamageProfiler on the simulated data set.

(b) Base misincorporation pattern calculated with map-
Damage2 and DamageProfiler.

(c) Length distribution cal-
culated with mapDamage2
and DamageProfiler.

Figure 3.5: Evaluation of the correctness of DamageProfiler. DamageProfiler exe-
cuted on a simulated data set, resulting in the expected fragment length distribution
and base substitution frequency (a). Moreover, DamageProfiler and mapDamage2
[42] were executed on the same data set. The damage profile (b) and the length
distribution (c) yield identical results.

third positions at the 5’ end was simulated. The G-to-A misincorporation frequency
at the 3’ end was set identically. Applying DamageProfiler to this simulated data
set results in identical misincorporation frequencies (18%, 11%, and 7% misincor-
poration frequencies) and expected read length of 55bp (Figure 3.5a).

The previously published data set [119] was used as input to DamageProfiler
and mapDamage2 [42]. The results were compared and yielded identical damage
patterns (Figure 3.5b,c), demonstrating the consistency of DamageProfiler with
existing similar software.
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3.6.2 Independence of mapping software

To demonstrate that DamageProfiler runs on any mapping file, regardless of the
software used to create it, one sample was processed using various mapping soft-
ware. The commonly used tools Bowtie2 version 2.3.4.1 [144], BWA aln version
0.7.17 [145], BWA mem version 0.7.17 [146], and MiniMap2 [147] were used
to map the publicly available sequencing data from an Egyptian mummy (sam-
ple JK2134), dated to 776-569 cal BCE [119], against the human mitochondrial
genome (RefSeq ID NC_012920.1). For this purpose, the adapter was first re-
moved from the raw data and overlapping paired-end reads were fused. Then,
each mapping software was used to align the sequencing reads against the refer-
ence genome independently. For BWA aln, the parameters best suited for ancient
DNA were used (n=0.01, o=2, l=1024) [22, 104]. Bowtie2 was run with the
parameters suggested by EAGER for ancient DNA (–end-to-end, –very-sensitive)
[23]. MiniMap2 was run with the option to perform mapping for short reads (-
x sr). BWA mem was evaluated with default parameters. If supported by the
corresponding software, the MD tag was also calculated. This tag contains infor-
mation about the mismatching positions of the dataset and eliminates the need
for the reference file when calculating the corresponding reference of a dataset.
The resulting mapping files were not processed further to allow for an unbiased
comparison of each mapping software. A comparison of the results is shown in
Figure 3.6. In detail, the frequency of base mismatches, the length distribution,
and the edit distance are compared. While the values for the base substitution
frequencies vary slightly, the length distribution and the edit distance distribution
are stable across all methods.

3.6.3 Runtime evaluation

To evaluated the efficiency of DamageProfiler, the runtime was compared with
mapDamage2 [42] and PMDTools [43], the currently most used software for dam-
age pattern calculation. Hence, all tools were executed on five mapping files of
different size, host, and target species ([14, 28, 114, 119], Table 3.1). Each soft-
ware was run ten times under identical computational conditions and the average
of all runs gives the resulting runtime. To directly compare the runtime of all tools
concerning the file size, a runtime factor was calculated by dividing the average run-
time of DamageProfiler by the average runtime of mapDamage2 and PMDTools,
respectively. It could be demonstrated that DamageProfiler is on average 5.5 times
faster than mapDamage2 and 174.6 times faster than PMDTools. Moreover, an
increase in speed can be specifically observed for larger mapping files (Table 3.1,
Figure 3.7). It is worth mentioning that PMDTools did not get any results on large
BAM files within 24h (Motala12, Loschbour), so the run was aborted.
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(a) (b)

(c) Hamming (d)

Figure 3.6: Comparison of different mapping software. DamageProfiler applied to
mapping results of four different mapping software (MiniMap2 [147], Bowtie2 [144],
BWA mem [146], and BWA aln [145]). The resulting (a) number of mapped reads
(barchart), (b) the frequency of the specific base misincorporations (boxplot), (c) the
edit distance (histogram), and (d) the length distribution (boxplot) are compared.
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3.6.
Evaluation

Table 3.1: Runtime comparison between mapDamage2 (MP2), PMDTools (PMDT), and DamageProfiler (DP). Five published data
set [14, 28, 114, 119] of different size were used to evaluate the runtime. The runtime is given in seconds and the file size in megabytes.
The factor is calculated by dividing the runtime of DamageProfiler by the runtime of mapDamage2 and PMDTools, respectively.

Sample Ref. genome Mean Cov. Size BAM Runtime in [s] Factor
in [X] in [mb] MD2 PMDT DP MD2 vs. DP PMDT vs. DP

TU7 NC_011112.1 70.9 0.7 3.3 49.8 2.0 1.7 24.9
(SAMN11897366)
JK2134 NC_012920.1 131.9 1.5 4.2 122.1 2.1 2.0 58.1
(SAMEA4461508)
Jorgen533 NC_002677.1 9.6 21.6 28.3 2,689.5 6.1 4.6 440.9
(SAMEA102120418)
Motala12 GRCh37.p13 2.4 5,500.0 7,603.6 - 803.7 9.5 -
(SAMEA2697132)
Loschbour GRCh37.p13 22.0 50,700.0 81,132.7 - 8,410.2 9.6 -
(SAMEA2697124)
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Figure 3.7: Runtime of DamageProfiler in comparison to mapDamage2[42] and
PMDTools [43] with respect to the file size. The x-axis refers to the five samples of
different sizes, the runtime [s] is log-scaled and given on the y-axis.

3.7 Discussion

DamageProfiler is a fast and user-friendly software to investigate damage patterns
in ancient DNA from next-generation sequencing platforms, which runs indepen-
dently of the mapping software used. It calculates aDNA-specific damage patterns,
like length distribution, edit distance, and base substitution frequency, which are
the commonly used features for aDNA authentication [15, 96]. The independence
of the mapping software was tested by generating mapping files with widely used
software; namely, BWA mem [146], BWA aln [145], Bowtie2 [144], and MiniMap2
[147]. While Bowtie2 and especially BWA are well-established mapping software in
aDNA research, MiniMap2 is not suitable for samples with low coverage as it can
generate sub-optimal alignments for regions of low complexity [147]. This limits
its use for aDNA samples. Nevertheless, MiniMap2 has been included, as it may
become more applicable for aDNA in the future. In addition, where available, the
mapping parameters tested for aDNA were used for all mapping algorithms. No
further editing of the mapping files was performed, as it is intended to demon-
strate that DamageProfiler can process the direct output of each mapping tool. It
could be observed that the number of reads used for the damage pattern calcula-
tions differs slightly between the different mapping algorithms (Figure 3.6). This
is most likely due to the settings of the various mapping algorithms, for example,
the number of mismatches or different weights that influence longer reads to be
preferential. The differences are marginal, though, and have no significant impact
on the resulting damage patterns.
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DamageProfiler was run on a simulated data set to demonstrate the reliability
of the results, which reproduced the expected results. Moreover, it was executed
on four already published data sets [14, 28, 114, 119]. To verify the results of
DamageProfiler, mapDamage2 [42] was run on the same mapping files, yielding
identical results. However, in this way, the calculations could only be verified
for statistics that are provided by both tools. The intersection of the functional-
ity includes the length distribution, the base substitution frequency, and various
statistics. The remaining functionality implemented in DamageProfiler, such as
the edit distance, was tested and verified using JUnit tests.

In comparison with mapDamage2 [42], DamageProfiler does not offer the
rescaling option. This functionality adjusts quality scores of likely damaged po-
sitions in the reads. A new BAM file is created where the quality values for
misincorporations that are likely to be due to old DNA damage are scaled down
according to their original qualities in the reads and their damage patterns. As the
main focus of DamageProfiler lies in the fast and intuitive investigation of damage
patterns, this option has not been implemented. Still, it could be considered as
an additional feature in future versions. The unique ability of DamageProfiler to
also handle metagenomic mapping files of arbitrary mapping software makes it also
applicable in pipelines that are targeting both, single genome reconstruction and
metagenomic analysis, such as nf-core/eager [148].

Finally, it could be shown that DamageProfiler is faster than the existing soft-
ware [42, 43] for determining damage patterns. This is due to improvements
through suitable packages and can even be improved for larger input files through
a multi-threaded implementation. Furthermore, it could be shown that the runtime
factor increases with increasing file size.
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CHAPTER 4

mitoBench: Novel interactive methods and repository for
population genetics of human mitochondrial DNA

4.1 Introduction

Besides nuclear DNA, a different extra-chromosomal genome can be found in mi-
tochondria. Mitochondrial DNA (mtDNA), a circular, double-stranded molecule,
was first detected in 1963 when Margit and Sylvan Nass intended to study some
mitochondrial fibers that appeared to be related to DNA regarding fixation, sta-
bilization, and staining behavior [149]. Eighteen years later, the first complete
human mtDNA sequence was published [106]. This was the beginning of mtDNA
success, which became the workhorse of human population genetics. The breadth
of publications about human evolution based on mtDNA in the last forty years
also show the high impact and usability of this molecule. Its important role in
evolutionary biology is due to its unique characteristics, such as the small size
(16,569bp), high copy number [108, 109], high mutation rate [110], and lack of
recombination and variability at a population level [111, 112]. Due to its rapid
rate of evolution, mtDNA in particular has played a central role in understanding
human population genetics and discerning the movement of our species across the
planet. Another important feature of mtDNA is its haploid nature, which differs
from its nuclear counterpart. This means that the coalescence of neutral genes
will be positively correlated with the effective population size of the species [150,
151]. From the perspective of population genetics theory, mtDNA evolves faster
than nuclear DNA [152], which allows the analysis of divergence times in a higher
resolution, within taxa or even species. Therefore, mtDNA has been widely used
for population mapping, evolutionary and phylogenetic studies, species identifica-
tion by DNA barcoding, diagnosis of various pathologies, and forensic medicine
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[153, 154]. Conversely, there are several drawbacks to be aware of when work-
ing with mtDNA: it is partially contained in other parts of the nuclear genome
as non-coding sequences [155] and accumulates mutations freely. These parts are
called NUMTs (nuclear mitochondrial pseudogenes). They can cause issues, espe-
cially when enriching for mtDNA [154, 156] as these translocated mitochondrial
sequences in the nuclear genome have the potential to be amplified in addition to,
or even instead of, the authentic mtDNA target sequence. Such mis-amplifications
can seriously affect population genetic and phylogenetic analyses. For instance,
variations in NUMTs are misreported as mitochondrial mutations in patients [88],
as for example, a NUMT on chromosome 1 has been associated with low sperm
motility [157] and cystic fibrosis [158].

Scientists in paleogenetics have been able to study the ancestry of extinct pop-
ulations by using ancient DNA (aDNA), and are thus able to retrieve information
that archaeologists alone may not be able to discover. Major insights into the
migration and admixture of humans have been made [14, 44, 46, 159] and have
been connected to artifacts found by archaeologists [160]. For a long time, mtDNA
was thought-to-be the genetic information most likely to be obtained from ancient
individuals in quantity suitable for more detailed analysis [40]. With improvements
in capture and enrichment methods, sequencing technologies, and bioinformatic
tools, progress was made to retrieve complete nuclear genomes. Though nuclear
DNA allows a deeper insight into human population genetics [161–163], it is often
not accessible or possible to extract enough DNA. Thus, mtDNA is still used in this
field of research, among other reasons, because of its easier accessibility in ancient
samples and lower costs associated with the extraction and analysis of mtDNA.

Taken together, this has resulted in a precious collection of mitochondrial
genomes over the decades. These data are not centrally accessible but often
have to be compiled from individual publications, which is cumbersome and can
lead to inconsistencies or errors.

Most analytical methods used to compare populations based on genetic dif-
ference, Fst-metric (Section 2.3), are independent of the DNA’s source, i.e. of
nuclear or mitochondrial origin. Existing software offers a wide range of analysis
options for mtDNA [49, 164, 165]. However, in most cases, they are not com-
patible with standard genomic data file formats or only provide a specific output
file format. As a result, population genetic analyses of mitogenomes can be cum-
bersome and error-prone, as input files have to be generated by hand and often
converted to be used by different software. After more than four decades of re-
search, no publicly accessible database brings together the still-growing body of
modern and ancient human mitochondrial genomes in a single, well-curated, and
easily accessible database. Instead, public data collections are focusing on either
ancient [55] or modern data [53] only, are specialized on different topics such as
forensics [51] or mitochondrial diseases [54, 166], or are simply kept private and
not accessible or usable to the scientific community. Furthermore, private collec-
tions are often stored as Microsoft Excel spreadsheets (XLSX), CSV, or TXT files.
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Especially when opening files with Excel, errors can creep in because numbers and
gene names are automatically converted into dates and vice versa, as Ziemann et
al. have demonstrated [167]. All this together leads to an immense amount of
redundant work in preparing and collecting information and requires user-friendly,
system-independent software capable of processing and converting all formats into
each other and performing initial population genetic analyses. One of the goals of
this chapter of the thesis is to create a central database to compile a data set for
further analysis easily. For this purpose, a consortium consisting of international
experts in the field of mtDNA was established.

To overcome these hurdles and provide a platform for the mitogenome commu-
nity for all publicly available human mitogenomes, mitoBench has been developed
within the scope of this thesis. The software is platform-agnostic and consists of a
workbench and a comprehensive, quality-controlled database. The workbench pro-
vides a graphical user interface (GUI), offering analysis and visualization features
focusing on population genetic applications. The GUI is kept simple to make it
suitable for users without prior knowledge of computational methods. Additional
information such as metadata and summary statistics, focusing as well as visual-
ization methods, are provided. In addition, mitoBench also offers file conversion
and compatibility tools to connect the workbench with existing analysis software
such as BEAST [168, 169] and Arlequin [49]. Moreover, it is possible to directly
execute HaploGrep2 [164] within the workbench. The analyses which have been
implemented include basic statistical methods such as Fst-statistics and principal
component analysis (PCA).

The quality-controlled database contains an extensive collection of complete
and published mtDNA reference data and comprehensive metadata, most criti-
cal for sorting and filtering. All settings and kinds of analyses and visualizations
performed within a mitoBench session are stored in a human-readable log file for
better reproducibility.

This chapter describes the methodological basics, ideas, and concepts of mitoBench,
its components, the workbench, and the database. Finally, analysis of a previ-
ously published data set consisting of ancient and modern mitochondrial sequences
from Umbrians was repeated to demonstrate the reliability and reduction in using
mitoBench.

4.2 Concept and components of mitoBench

4.2.1 The idea of mitoBench

Collecting comparative data sets and mtDNA analysis is still arduous and error-
prone and often needs to be done manually. MitoBench was developed to provide
a convenient and user-friendly software to convert between file formats, combin-
ing genomic data with meta-information, and offering access to a public database
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of complete modern and ancient human mtDNA genomes. The initial idea of
mitoBench was formed during the analysis of the data set published by Schuene-
mann et al. [119] of 151 Egyptian mummies, and the conceptual design was pre-
viously presented in the dissertation of Alexander Peltzer [170]. In analyzing the
data mentioned above, the researchers were faced with systematically collecting
and storing meta-information and converting between file formats to use differ-
ent analysis software. Intensive research and discussion with several international
mtDNA research groups from different fields revealed that this appears to be a com-
mon problem within the human genetics community. Therefore, the ’mitoBench
Consortium’ was founded to address these problems. The consortium comprises
research groups from Italy, Germany, the United Kingdom, Austria, Russia, and
Switzerland, coming from human population genetics, forensics, and genetic epi-
demiology. Based on topic-specific discussions among the groups, the decision
was made to implement software providing an intuitive and easy way to work with
mtDNA genome data and the associated meta-information. Moreover, at the be-
ginning of the project, the need for a central database was recognized, which aims
to collect public available modern and ancient human mitochondrial genomes, to-
gether with meta-information necessary for human population analyses. Therefore,
the main requirements for mitoBench were postulated as follows:

• Being user-friendly

• Combining files of different file formats

• Exporting data into various file formats for further downstream processing

• Analyzing and visualizing the imported data together with their meta-information
to enable the user a first investigation of the data

• Containing, or being compatible with, various state of the art tools, e.g.
HaploGrep2 [164] or Arlequin [49]

• Accessing a central, well-curated, and high-quality database containing pub-
lished modern and ancient complete human mitochondrial genomes

The main components of mitoBench are the workbench and the database (Fig-
ure 4.1a). The user can easily import and export data in various file formats (Fig-
ure 4.1b and 4.1c) and get access to a database of several thousand complete
human mitochondrial genomes. Moreover, the workbench also acts as an analysis
platform for data from the database and private data. In the following sections,
the main functionality of both components is described in more detail.

4.2.2 The workbench

The workbench of mitoBench is the component with which the user mainly inter-
acts. Therefore, it is designed to be as user-friendly and intuitive as possible. The
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(a) Components of mitoBench. (b) Supported import formats.

(c) Supported export formats.

Figure 4.1: Overview of mitoBench. (a) MitoBench comprises a workbench and
a database. The workbench serves as interface to access and download data form
the database. In addition, the workbench also provides analysis methods for mtDNA
and a number of different visualizations. Multiple file formats are provided for data
(b) import and (c) export.
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Figure 4.2: The mitoBench main window is divided into three sub-windows: Visu-
alization, Statistics, and Data representation. The toolbar at the top of the window
allows easy and fast navigation.

workbench is composed of three main windows: data representation, visualization,
and statistics (Figure 4.2). The data representation window displays the data im-
ported to the workbench, either public data from the database or/and data from
a private collection. Data from the personal collection can be imported via an
import template or the various file import functions of the workbench. After for-
matting the private data according to mitoBench’s standards, the data can easily
be imported. The visualization window contains all figures that were made based
on the (selected) data from the data representation window. Each visualization is
stored in a separate tab with the possibility of switching between figures.. After
launching mitoBench, the statistics window shows a welcome page, referencing the
documentation, and various database statistics, such as the number of modern and
ancient samples or publications covered. This window hosts various statistics and
setting dialogues, which are separated into tabs. The user can navigate through
all functions of mitoBench using the menu bar at the top of the main window. An
additional toolbar below, which contains individual buttons for the main functions,
enables faster operation.

Data import

Data can be uploaded to the workbench either via direct file upload of various file
formats or simply by using the drag-and-drop option in the data display window.
Alternatively, the data can also be imported from the database. For the former,
mitoBench supports the data import from various commonly used file formats,
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such as FASTA, TSV, HSD, ARP, and XLSX. In doing so, the sequence and the
associated meta-information do not necessarily have to be submitted as a single
file or in the same file format. In this way, the results of different previously run,
such as Arlequin [49] or HaploGrep2 [164], can be combined by the workbench.
The only requirement is to use identical sequence identifiers across all analyses,
which act as a key per sample to merge all information later. In addition to this
option, it is possible to import meta-information, including the sequence. This can
be done either via a template accessible online or via a generic TSV file created
by the user, provided the specific format requirements are met. The combined
information is displayed in the data window of the workbench.

Furthermore, data can also be imported directly from the database, which users
can easily access through the workbench (Section 4.2.5). The two options for data
import can also be combined: In addition to the user’s own (private) data, which
can be imported via file upload, the database can be loaded into the workbench.
This allows users to put their data in context with previously published data quickly.

Data completion and validation

An essential aspect of mitoBench is high data quality, as this is the prerequi-
site for meaningful analyses. To ensure high data quality of the data imported
into the workbench or loaded into the database, mitoBench offers two methods:
Data validation and data completion. Both services can either be started within
the workbench or downloaded as separate tools from the corresponding GitHub
repositories.

First, the data can be validated. This step is recommended after adding new
data to the workbench and obligatory if data is uploaded to the database. The
data validation ensures that all values have the correct format, e.g., String, Inte-
ger. Furthermore, it also ensures compliance with specific standards for particular
attributes. For example, only defined values or ranges are allowed for some fea-
tures, e.g., for geographical descriptors such as continent or country, haplogroups,
or publication details.

Second, mitoBench offers the function Complete Information. This includes
the automated calculation of particular values, such as the percentage of N’s in
the mtDNA sequence or defining a user alias. It also involves the integration of
geographical locations. It first checks the correctness of the specified country
or continent and then completes the information. This means that others can
be assessed with appropriate Java libraries if only one geographical location is
given. For example, if the latitude and longitude are given for the sample, the
corresponding country and continent are automatically filled.

Data visualization

Regardless of the method used, the data can be visualized and analyzed further
after a successful import. The analysis and interactive visualization methods pro-
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vided by mitoBench result from discussions among the mitoBench Consortium and
represent the most commonly used analyses and visualizations.

The visualizations are implemented using JavaFX, as is the case for the entire
User Interface. JavaFX provides a modern scenegraph API, supporting 2D and
3D, and media and web controls. This allows the set up of powerful interactive
plots, helping the user better understand their data. The underlying information for
most of the visualizations is the haplogroup, which is determined with HaploGrep2
[164]. The haplogroup distribution of the considered sample set can be visualized
in various ways. If other groups are now defined, it is also possible to display the
haplogroup frequency of each group. In addition, the geographical location of the
samples can be displayed on a map. Furthermore, the haplogroups assigned to the
investigated samples can be shown as a tree. This tree organizes the haplogroups
according to the classification of PhyloTree [122].

As the most interest in population genetic studies often compares different
groups or populations, mitoBench provides a grouping option. This allows a group-
ing of the data based on an arbitrary attribute, for example, sample country or
population. This grouping will be kept for all further analyses but also can be
changed by the user.

An important descriptor of mtDNA and therefore used for many visualizations
and analyses is the haplogroup. The representation of haplogroups has a tree-like
structure, which allows a description of a group of haplogroups by the node that
contains the respective group. This summarizing node is called macro-haplogroup.
For example, L1 would be the macro-haplogroup for all haplogroups that are in-
cluded in the branch L1 according to PhyloTree [122]. These macro-haplogroups
are useful for visualizations, as it allows the summary of haplogroups and clear
visualization. Additionally, the macro-groups are characteristic of particular geo-
graphic regions. To help the user with the set up of an appropriate list, mitoBench
provides pre-built lists for various geographic regions in the world that were calcu-
lated based on the data available in the database, together with already published
knowledge about the occurrences of haplogroups in different geographic areas (Fig-
ure 4.4). These lists can be selected at each visualization analysis. In addition,
the user can also specify his list. To avoid errors when re-typing this list for each
analysis, mitoBench offers the option to select this list only once, and it will be
automatically applied for each analysis. Still, it can be adapted to each part of the
analysis.

An overview of all possible visualizations is shown in Figure 4.3. A first inves-
tigation of the samples can be the geographic location of the sample or sampling
origin, or the location of the terminal maternal ancestor (TMA) (Figure 4.3a).
Groups are indicated using different colors. The number of samples per location is
visible as a popup when hovering over the symbol at the corresponding location.
To get more information about the groupings, the group size can be visualized
as a bar plot (Figure 4.3b). For a more detailed investigation of the haplogroup
composition per group, the haplogroup distribution can be investigated in differ-
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(a) Representation of the geographic location.

(b) Bar plot of the group size. (c) Haplogroup distribution of group ’Ro-
man Period’ as pie chart.

(d) Haplogroup frequency of all groups as
profile plot.

(e) Haplogroup distribution as stacked bar chart.

Figure 4.3: Visualizations within mitoBench.
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Figure 4.4: Predefined haplogroup lists that are specific for a certain geographic
region. The selected list will be kept for all following analyses.

ent ways and levels. A pie chart, for example, provides a detailed overview of
the haplogroup composition of each group (Figure 4.3c). In contrast, the profile
plot (Figure 4.3d) emphasizes the number of samples with a specific haplogroup
within a group, allowing a direct comparison. The profile plot is connected to
the statistics table on the right part of the workbench, which provides additional
statistics, and hovering over a row in the table highlights the corresponding line in
the visualization. A commonly used visualization for population genetic analyses
is the stacked bar chart of haplogroups (Figure 4.3e). Each group is represented
as a bar reflecting the haplogroup distribution of all mitochondrial genomes in the
corresponding group. The flexible order of the bars allows sorting, for example,
according to a time period or geographic distance. This provides an intuitive way
of comparing the distributions between the different groups.

Data analysis and functionality

MitoBench provides fundamental analysis methods used in population genetics to
assess the genetic distance between defined groups of individuals, or individuals
themselves, such as Fst-value and principal component analysis (PCA). The dis-
tance measure of these calculations is usually based on the sequence itself or the
haplogroups derived from it, both provided by mitoBench.

Two of the most common analyses of the genetic proximity of individuals or
groups are the Fst and PCA. The Fst metric, also called fixation index, is a value
based on the number of bases that differ between mtDNA sequences. The in-
dex can range from 0 to 1, where 0 means complete sharing of genetic material,
and 1 the opposite (Section 2.3). The results are finally displayed in the visual-
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ization window as a heat map, which is commonly provided after an Fst-analysis
(Figure 4.11a).

In contrast to the Fst-value, the PCA is based on the haplogroup distribution
within the investigated set of groups. Generally speaking, it is used to reduce the
dimensionality of a larger data set and to identify the specific variables or combina-
tions of variables that would explain the statistical variance seen in the data [171]
(Section 2.3). The PCA implemented in mitoBench is based on the haplogroup
frequencies present in the different groups. Therefore, the more representative
the data set is, the better resolution will be achieved. The closer the groups are
placed, the closer the genetic relationship is, or in other words, the more similar is
the haplogroup distribution within the groups. In mitoBench, the PCA analysis is
calculated using an appropriate Java library and visualized as a scatter chart; each
dot represents a group. The dots are labeled with the corresponding group name
(Figure 4.11b).

Data export

One of the main intentions of developing mitoBench was to facilitate the conversion
between different file formats and get a first overview of a data set. Therefore,
exporting the data alone or combined with (selected) meta-information for further
analysis is crucial. The export function of mitoBench offers multiple file-formats;
an overview is illustrated in Figure 4.1c. Plain sequences can be downloaded in
FASTA format or, together with all meta-information, as more generic formats
such as TSV and XLSX. In addition, mitoBench also offers file formats that can
directly be used as input for downstream analysis tools. This includes the ARP
format (input format for Arlequin [49]), BEAST format (containing a multiple
sequence alignment with the dating information included to the header as needed
for BEAUti [172]), or HSD format, which can be loaded into HaploGrep2 [164]
for more details about the haplotypes occurring within the sequence. Although
mitoBench does not directly support calculating the phylogeny on a given set of
samples, a multiple sequence alignment can be calculated with MAFFT [173]. The
alignment can then be downloaded in either FASTA or PHYLIP format, which is
often required by software investigating phylogenetic relationships, for example,
RAxML [174], or PhyML [175].

Besides the data export, each figure can be downloaded as a high-resolution
PNG file. Since the style of visualization often varies greatly depending on the
information to be highlighted or the preferences of the scientist, mitoBench also
offers the export of the values on which the graphs are based. This allows the user
to design the visualization with any software without having to perform additional
complex calculations.

Finally, it is possible to save all settings and data as a project file (MITOPROJ)
to continue the analysis.
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(a) Result of Fstanalysis.

(b) Result of PCA analysis.

Figure 4.5: Graphical representation of the analysis results. (a) The Fstanalysis is
visualized as heatmap. The darker the color (blue), the higher the Fstvalue. (b) The
PCA represents each group as dot, labeled with the corresponding group name. By
default, the first and second principal component are visualized.
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4.2.3 Software testing and documentation

The software was tested during the development using JUnit5 and TextFX [176],
which simulates user interactions, such as clicks, and tests the expected behaviors.
This ensures quality checks are already at an early stage of development and
prevents the introduction of errors that can hardly be fixed later on. Additionally,
the import and export functionality is tested automatically whenever the application
is built using Travis CI’s service.

Furthermore, mitoBench comes with comprehensive documentation, provided
by the ReadTheDocs platform (https://mitobench.readthedocs.io/). The
manual contains detailed documentation about the provided analyses and visualiza-
tions and exemplary data and a FAQ. The documentation can be assessed online
or downloaded in HTML, PDF, or ePUB format. Moreover, links to other web
pages, including the glossary of the database attributes and the list of publications
included in the database, are provided.

4.2.4 Database

While analyzing a set of samples, e.g., a population from a specific site, is already
interesting by itself, more background and information about the samples can be
gained by comparison with other populations or groups. For this, an extensive and
informative database is needed, containing the mtDNA sequence itself, together
with describing meta-information. Usually, researchers collect these databases over
time, keeping them private, and often maintain and update the text or Excel sheets
by hand. On the one hand, this is sensitive to errors, and on the other hand, very
time-consuming and done redundantly among different research groups. To get one
step closer to easier maintenance, access, and sharing of collected and published
mtDNA and meta-information, the mitoBench database was designed.

In the following, the conceptual design of the database is introduced, and
features for data processing and the standard data import workflow.

Database design

The initial design of the database was developed together with Alexander Peltzer
and is already described in his dissertation [170]. Only an overview of the initial
setup is given here, and the focus is on the necessary adjustments for the final
database. First, all members of the mitoBench consortium submitted an exemplary
data set of their private data collections to understand the database requirements.
The submitted data were usually Excel sheets containing 100-200 samples. The
evaluation of the submitted data revealed several attributes that were present in
all groups. This resulted in a number of mandatory features that are required for
each submission to the database. Therefore, additional meta-information can be
specified. Based on the sample data submitted, the data tables were abstracted
and stored in multiple table layouts, as shown in Figure 4.6. PostgreSQL was used
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Figure 4.6: Initial database layout showing the available single tables, as published
by Peltzer [170].

to build and design the database, allowing theoretically simultaneous access by
hundreds of users with thousands of queries. Moreover, this also allows the use
of more than one backend server so that further scaling of the database layout is
possible in the future, if necessary.

The original layout consists of a total of nine tables (Figure 4.6). The center
is formed by table ’Sample’, containing mainly mandatory information and infor-
mation directly derived from the mtDNA - the remaining eight tables store user
information and further information about the sample background. In addition to
making query time as efficient as possible, this layout was also chosen to auto-
mate the manual work of data curation and quality checking as much as possible.
Therefore, the design decisions define only low-level quality checks such as the
sequence quality assigned by HaploGrep2 [164].

During the implementation of the database, various adaptations had to be
made to the design, which is explained in detail below, and the final attributes are
visualized in Figure 4.7. First, an adaptation had to be made to handle identical
mtDNA sequences submitted with different publications but the same accession
ID. Since the database was initially indexed by accession ID, this would not allow
entries with the same identifier. Therefore, the mitoBenchID has been introduced
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and used as an index for the database table. In addition, the functionality to
get private access to a specific project, which can be shared with collaboration
partners, was ultimately not implemented. Therefore, the tables ’Groups’ and
’Project’, as well as the user password, were removed. In addition, all tables
have been combined into one table for easier handling. Moreover, attributes were
added to describe ancient samples better. More minor adaptations were made on
attribute level, such as the addition and exclusion of various fields that turned out
to be necessary and dispensable, respectively.

Standardization efforts

Standards for data storage and curation are critical for the rapid implementation of
developed applications. While investigating the exemplary data sets, no standards
or common formatting were detectable among the research groups. As part of the
mitoBench project, we have therefore implemented procedures to provide certain
parts of the database with standardized data types to ensure that all samples in
the database are homogeneously formatted. One example is the use of geographic
descriptors, which are based on the classification of M49 [177], city and country
names according GeoNames [178] and OpenStreetMap [179]. As far as language
classification is concerned, we use Glottolog [180] as the source of language cat-
egories, while we adhere to ISO standards for all other columns. To ensure data
entry consistency, mitoBench also integrates other controlled vocabularies into the
database. These can be viewed online and are to be used to create the metadata
files.

Sample processing, quality checks, and data import into database

One of the main goals of mitoBench is to provide a comprehensive database that
contains well-curated and high-quality data. To this end, an initial data set has
been built, consisting of 26,522 modern and 1,505 ancient sequences, covering 153
countries and five continents (as of today, September 5, 2021). With the release
of mitoBench, additional genome data can not only be uploaded by members of
the consortium but also by other researchers, with the aim that any user can easily
submit data via the workbench. A template to submit the meta-information is
provided and accessible online via the documentation (shorturl.at/kwST8), as
well as a detailed description of the required information (shorturl.at/nBHQ7).
The corresponding mtDNA sequences, which must be mapped against the revised
Cambridge Reference Sequence (rCRS) reference, can be submitted as separate
files in FASTA format. These data will then automatically be validated, completed,
and quality-checked to keep the manual work as low as possible.

To ensure the upload of only high-quality data, we implemented specific quality
measures. First, no sequences with more than 1% missing data are allowed. This
rule applies both to modern and well as ancient samples. Second, the quality of the
sequence itself is rated by the quality provided by HaploGrep2 [164] and provided as
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Figure 4.7: Final database layout showing the available attributes.
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Figure 4.8: Database accession window allowing the user to configure the database
search to download the requested data.

information to the user. Lastly, several attributes are mandatory. These files were
decided as essential for any kind of mtDNA analysis by the mitoBench Consortium
and include the accession ID, the data type, the author, publication status, user
contacts, and the mtDNA sequence as at least one geographic information, such
as sample or sampling location.

It is currently standard and recommended in the aDNA community to upload
the raw sequencing data to a common data repository, e.g., SRA or ENA, within
the publication process. This offers the possibility to process the data with its
quality thresholds and the fast-changing state-of-the-art software. However, it
also required additional pipelines to provide mtDNA sequence data imported into
the mitoBench database finally. For this purpose, a pipeline has been implemented
by Alexander Hübner using Snakemake [181] to provide mtDNA sequences and
additional statistics in a standardized form. This pipeline can be found online and
publicly available in the GitHub Code repository1.

4.2.5 Interaction between workbench and database

The database can be accessed directly via the workbench without registration.
The database is located and maintained by the IT department of the Max Planck
Institute for the Science of Human History to ensure long-time support. However,
access to everything on the Institute’s network is protected by firewalls, so direct
access to the database is impossible. This was solved with the HTTP client library
Unirest2, an interface between the client and the server within a network. The

1https://github.com/alexhbnr/mitoBench-ancientMT
2https://www.baeldung.com/unirest
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Figure 4.9: After downloading data from the database, further filtering can be done
using the column headers.

data request by the user is transformed and conveyed to the REST API, which
collects the queried data from the database and sends it back to the client. In
addition, access rights can be defined, and specific commands, such as ‘DELETE’,
are not allowed. Requests can be formulated with the help of the database request
window (Figure 4.8). This offers filtering based on the most informative columns of
the database, such as population, geographic region, the publication (first author,
year, and title), and modern or ancient samples. Additionally, it is also possible to
download the entire database. After importing the data to the workbench, they
can be filtered further within the workbench. Each column has a filter property
implemented in the column header and selects and deselects specific values. For
example, after downloading all data from the 1000 Genome Project, the data can
be filtered further on sex (Figure 4.9).

4.3 Evaluation

To ensure the reliability of mitoBench, in particular, the correct operation of the
workbench and the database, a previously published study by Modi et al. [182] was
reanalyzed to reproduce the results. This study was chosen as most of the analysis

52



4.3. Evaluation

and visualization features provided by mitoBench, such as Fstand PCA analysis
based on modern and ancient complete mtDNA and various graphical represen-
tations of the haplogroup distribution, are covered. Modi et al. [182] examined
the mtDNA variation of 19 ancient pre-Roman and 538 modern mitochondrial
genomes, covering entire Umbria. However, only 198 modern mt genomes could
be used for the mitoBench evaluation here, as only the hypervariable regions were
available for the remaining sequences. Their study concludes that most individ-
uals could be assigned to West Eurasian haplogroups, revealing a high mtDNA
diversity in Umbria. These lineages in the region are quite homogeneous, except
haplogroup K and J, which comprise the highest frequency (17%) in southern Um-
bria and 30% of the present inhabitants of the present inhabitants of the eastern
area, respectively.

The main steps of their analysis were the determination of the haplogroups of
the newly sequenced mitochondrial genomes using HaploGrep2 [164] and visual-
izations based on them. Moreover, they investigated the genetic distance between
the ancient and modern samples using Fst and PCA analysis. While some further
analyses were performed within the study of Modi et al. [182], e.g., calculations
based on the hypervariable regions and phylogenetic analyses, these steps can be
performed within mitoBench and also lead to the same conclusions.

In the following, the individual steps are described with which the results of
Modi et al. [182] can be reproduced with the mitoBench. Based on the data
of this study that can already be downloaded from the database, the haplogroup
determination and possible visualizations and analyses based on it are shown. Fur-
thermore, it will be shown how additional genomes can be easily downloaded for
further analysis using the database configurator.

4.3.1 Data collection

First, the fasta sequences of 191 modern and 19 ancient mitochondrial genomes
were downloaded. As the study is already published, this could be done via
mitoBench, filtering for publication. However, only 16 ancient mtDNA sequences
of this study were available, as three genomes did not fulfill the quality criteria
of mitoBench. These sequences were added manually to reproduce the study as
closely as possible to the original publication. Furthermore, six additional sam-
ples were added from other publications [183, 184], which were also analyzed by
Modi et al. [182]. This resulted in a data set of 198 modern and 19 ancient
mitochondrial genomes.

4.3.2 Data analysis and visualization

After collecting all genomes, the haplogroups were determined using HaploGrep2
[164]. The results are consistent with the haplogroups published by Modi et al.
(Appendix, Table A.4). The haplogroup distribution was visualized with one pie
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chart each for the modern and ancient data set (Figure 4.10a), as already done by
Modi et al. [182]. Additionally, the haplogroup distribution of Umbria’s geographic
regions are visualized (4.10b).

The genetic distance within the studied modern Umbrian population was in-
vestigated by calculating the Fst values between North (NU), West (WU), East
(EU), South (SU), Central (CU), and Central-East Umbria (CEU). The results
show the genetic distance of the inhabitants from eastern Umbria to the other
groups (Figure 4.11a). The distribution is consistent with Modi et al., showing
that the individuals were mainly assigned to western haplogroups, having an over-
all homogeneous distribution. Notable are haplogroup K, predominantly present in
southern Umbria, and haplogroup J, comprising the highest frequency in Southern
Umbria.

Finally, a PCA analysis was carried out based on the modern samples from the
six Umbrian sub-regions and a Eurasian data set. For this purpose, Modi et al.
suggests a data set of 15,650 individuals, covering 58 populations. However, most
of the data is only given as the hypervariable region of the mtDNA, and therefore
cannot be used with mitoBench. Therefore, a comparable data set was compiled
using the mitoBench database configurator. Based on the list of countries used by
Modi et al., complete modern mitochondrial genomes were selected if available.
This resulted in a final data set of 8,059 modern samples from 37 geographic
regions. The result is congruent with the published ones, clearly showing the
affinity of different parts of Umbria with the typical Mediterranean population, only
Eastern Umbria clusters together with Eastern European countries (Figure 4.11b).

4.3.3 File download for downstream analysis

All further analyses conducted in the publication are based on the hypervariable
regions of the mitochondrial genome and can therefore not be executable with
mitoBench, or are not provided. However, mitoBench offers the export of the data
in various file formats, which eases further downstream analyses. Examples are
the export in ARP format for in-depth human population genetics analyses using
Arlequin [49], in BEAST format to estimate the effective population size or the
divergence times using BEAST2 [168], or PHYLIP format for phylogenetic investi-
gations. Furthermore, all haplogroup statistics, such as the haplogroup frequency,
can be downloaded and processed further.

4.4 Discussion

This chapter introduced mitoBench, a user-friendly workbench and well-curated
database with several thousand complete modern and ancient human mitochondr-
ial genomes. The main features used to achieve ease of use include drag-and-drop
data import, interactive visualizations, and a clear design. With mitoBench, we
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(a) Haplogroup distribution within ancient and modern data set.

(b) Haplogroup distribution of Umbria’s geographic regions.

Figure 4.10: Evaluation of mitoBench by applying the provided visualizations on
an already published data set [182]. The haplogroup distributions within the modern
and ancient data set are shown using various visualization methods provided by
mitoBench. The visualization as pie chart is shown in (a); (c) displays the haplogroup
distributions within the geographic regions of Umbria (Grouping: North Umbria
(NU), West Umbria (WU), South Umbria (SU), Central Umbria (CU), Central East
Umbria (CEU), and East Umbria (EU)) as stacked bar chart.
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(a) Fst analysis of all modern Umbrian
samples.

(b) PCA plot based on a data set of all modern Umbrian samples (red) and
comparative Eurasian genomes.

Figure 4.11: Evaluation of mitoBench by applying the provided analysis methods
on an already published Umbrian data set [182], grouped by location: North Umbria
(NU), West Umbria (WU), South Umbria (SU), Central Umbria (CU), Central East
Umbria (CEU), and East Umbria (EU). (a) Result of the Fst analysis of this data set.
(b) PCA analysis based on an Eurasian data set (black dots), including the Umbrian
data (red dots). The analysis was performed on the haplogroup frequencies, derived
from complete mitochondrial genomes.
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intended to generate software that can be used to investigate human complete mi-
tochondrial genomes, file conversions, and, most importantly, collect comparative
data set from the database. Combining modern and ancient data in one central
database and the directly connected work platform offers a unique opportunity for
mtDNA analysis. Comparable existing databases focus either exclusively on ancient
data, such as AmtDB [55], or on mitochondrial pathology in human diseases, such
as mitoDB [166] and mtDB [54], which also do not offer further analysis meth-
ods. Other databases, such as Hmtdb [53], was created to support population
genetics and mitochondrial disease studies. While Hmtdb provides a large amount
of published complete human mitochondrial genomes (51,302 complete mtDNA
genomes, accessed July 14, 2021), only a limited amount of meta-information is
available, such as sex, age, or geographic origin. Information beyond this, such
as language, is not available. Neither is it possible to download the genomes
with their meta-information; only the genome alignment is available. Moreover,
its toolbox, MToolBox, focuses on calculating and investigating variant positions
and does not provide any further downstream analyses and visualizations besides
haplogroup assignment and functional annotation.

This database intends to offer researchers a central mtDNA repository with
easy access to published modern and ancient complete mitochondrial genomes
alongside all-important contextual meta-information. It also provides the possibility
to compare own and private data with this reference data set of ancient and
modern genomes, which to our knowledge is the only such database, and allows
users to perform typical analytical procedures much faster, more reliably, and more
conveniently than before.

Compared to most existing data collections, mitoBench focuses on complete
mitochondrial genomes. For successful upload, the chosen genomes fulfill high-
quality criteria. Moreover, mitoBench focuses on population genetics and provides
topic-specific relevant meta-information in addition to the high-quality mtDNA
sequence itself. In addition, the genomes can be called up directly from the work-
bench, linked with metadata, and processed further without file formatting. This
allows the user to include unpublished data in the analysis without registration
easily. To ensure reproducibility, each analysis step and all settings can be viewed
in the log file. Also, the upload of data is entirely automatic, given the constantly
growing amount of data.

In summary, mitoBench is a concept that provides researchers with state-of-the-
art methods to perform integrative and reproducible analysis tasks in the context
of mitochondrial population genetics. Future enhancements to the current version
will further improve the capabilities of both applications, the workbench, and the
database.
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CHAPTER 5

The detection of pathogens in various tissues using
metagenomic screening methods

5.1 Introduction

With the introduction of next-generation sequencing and the resulting reduction in
sequencing costs, it has become possible to sequence metagenomic samples on a
larger scale, not only for modern but also for ancient samples. Over the last years,
the microbiome of different body parts, such as the human gut [185], the oral
cavity [186], or skin [187], have come into focus. As the microbial composition in
modern samples differs between a healthy and diseased state, this information can
also be transferred to ancient samples and provide insights into the health status
of individuals in the past. Although ancient samples are often poorly preserved,
several studies could successfully reconstruct the ancient microbiome of different
body sites [137, 138, 188], and especially dental calculus has proven to be an
excellent source for human [25, 189, 190] and microbial DNA [25, 191] in ancient
samples. Along with this analysis, DNA from pathogens is also often detected and
reconstructed. This chapter describes two applications of metagenomic analysis
of so far little attended tissue: the tissue of mummified Egyptian individuals (Sec-
tion 5.2) and a human leg sample preserved in ethanol and paraffin (Section 5.3).
These applications also demonstrate the successful retrieval of DNA from various
pathogens and their genome reconstruction. Finally, the chapter concludes with a
discussion of the individual applications and an overall summary.

59



Chapter 5. The detection of pathogens in various tissues using metagenomic
screening methods

5.2 Application 1: 2,000 year old pathogen genomes
from Egyptian mummified individuals

Text and figures in this chapter were adapted with modifications from our work
published in BMC Biology [192].

5.2.1 Introduction

With the work on the Tyrolean Iceman and the accompanying reconstruction of
a 5300-year-old Helicobacter pylori genome [193], the analysis of mummified re-
mains came to the fore. Archaeological tissues offer the possibility of studying
the metagenomic composition of various soft tissues in order to detect specific
pathogens, as well as reconstructed genomes. In contrast to natural or sponta-
neous mummification, anthropogenically mummified individuals are intentionally
preserved, which is a typical burial rite practiced in Ancient Egypt. Besides this
unique way to preserve the dead, it is a scientifically interesting place to study. Its
location on the Isthmus of Africa and the extensive trade links with the Levant,
sub-Saharan Africa, and even European countries have resulted in the admixture
of human populations and opportunities for the spread of pathogens. While several
studies on ancient and modern human DNA were recently performed [119, 194], no
systematic analysis of the metagenomic content of mummified tissue from mum-
mified Egyptian individuals or possible pathogens has yet to be conducted. One
of the reasons for this was the lack of appropriate sequencing technologies and
bioinformatics methods to handle the specific characteristics of aDNA. Moreover,
especially the analysis of ancient Egyptian mummified individuals was considered
highly challenging, if not even impossible. The DNA is highly degraded due to the
hot and humid conditions in many tombs and additionally destabilized by chemicals
used during the embalming process [56, 57]. Recent advancements in sequencing
technologies and analysis methods made it possible to extract DNA from such
troublesome samples, as previously shown from several studies [119, 195]. How-
ever, the main focus of these investigations was on the human genetic content,
while systematic metagenomic studies had yet to be performed.

The data set considered in this study includes 119 mummified individuals from
the site Abusir el-Meleq, located 200km south of Cairo. One hundred thirty-three
samples from different tissues were analyzed, namely bone, oral (tooth and calcu-
lus), and soft tissue. All samples were radiocarbon dated and fall between the First
Intermediate (2196-2045 BCE) and the Roman Period (386-426 CE). While the
human genetic content of 90 individuals in this data set was previously examined
by Schuenemann et al. [119], this study focuses on the metagenomic compositions
of the different tissues and periods, particularly the oral microbial composition, and
whether such samples permit the assessment of pathogen composition as well as
genome reconstruction.
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5.2.2 Methods

This section provides a summary of the methods - a detailed description is available
in Schuenemann et al. [119] and Neukamm et al. [192].

Sample information, extraction, and library preparation

As different tissues were available, 133 samples from 119 individuals were collected
from bones, teeth, soft tissues, and dental calculus. All samples were processed
in the cleanroom facilities at the University of Tübingen and at the University of
Zurich, both of which are designed explicitly for ancient DNA processing [196].

For shotgun sequencing, the samples were processed as described in [119].
Double-stranded libraries with sample-specific dual barcodes were prepared using
well-established protocols [197–199] as previously described in Schuenemann et al.
[119].

Due to the positive signal of M. leprae in sample Abusir1630b, additional
libraries for deeper sequencing, as well as UDG-treated libraries were prepared and
sequenced on an Illumina HiSeq4000 platform with 2x75+8+8 cycles. The same
applies to the samples Abusir1543s and Abusir1543b, where a hepatitis B virus
(HBV) was detected. However, only non-UDG libraries were prepared.

To assess the ancient oral microbiome, five additional calculus samples were
processed as described in [192]. After irradiation with UV light, the samples
were ground, DNA sequencing libraries prepared, and sequenced on an Illumina
NextSeq500.

Data preprocessing

The preprocessing step is based on the raw sequencing data provided as a FASTQ
file. The quality is assessed using FastQC [200], which gives a general overview
of the number of reads sequenced and the sequencing quality. Depending on the
sequencing machine, DNA fragments of a fixed length are produced. As described
in Section 2.1, two adapter sequences are attached to both ends of the fragment
before sequencing. Due to the fragmented nature of aDNA, the adapters may be
completely or partially sequenced; thus, AdapterRemoval2 [201] is used to remove
adapters. Afterward, reads below a certain length are filtered. Finally, the reads
from paired-end sequencing are merged if the overlap of the two reads is larger
than 11 base pairs, which was also done using AdapterRemoval2. The resulting
reads are then used for all subsequent analyses.

Metagenomic screening

After adapter trimming and read-merging, the merged libraries of all 133 samples
were used for metagenomic analysis by mapping them against a reference database
from GenBank consisting of all complete bacterial, viral, and archaeal genomes
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(May 2018 version). The mapping and taxonomic analysis was performed using
MALT [101] and further inspected and visualized with Megan6 [202]. MALT was
executed with default parameters, except the following: Only reads with a minimum
85% identity (–minPercentIdentity) were considered as a possible match to the
reference. Moreover, the minimum support parameter (–minSupport) was set to
5, i.e., only nodes with minimum support of five reads were kept. BlastN mode
and SemiGlobal alignment were applied, and a top percent value (–topPercent) of
1 was set.

Endogenous DNA content

Based on the taxonomic assignment, the microbial communities within the sam-
ples were determined by comparing them to previously known communities using
SourceTracker2 [102]. This method compares the bacterial composition in the
input sample with a set of bacterial reference communities and determines the
percentage of these present in the input sample. For assessing the microbial com-
munities, modern oral and calculus [203–205] samples were used, in addition to a
relevant soil sample from near Abusir al-Meleq [206], as soil samples from the site
were unavailable or not collected during excavations.

Ancient genome reconstruction

For this project, complete genomes of three species of interest, namely M. leprae,
HBV, and the human mitochondrial genome were reconstructed using the EAGER
pipeline [23]. This pipeline provides a fully automated way of mapping reads
from high-throughput sequencing against a specific reference genome. EAGER
was built for - but is not limited to - the reconstruction of ancient genomes and
therefore allows the preparation of ancient genomes and the modern comparative
data set simultaneously. It follows the GATK best practice guidelines [103] and the
parameters optimized for ancient DNA are set as default [22, 104]. The pipeline
consists of three components: preprocessing, read mapping, and genotyping. As
the preprocessing was previously completed as described above, this step is not
detailed here, and the previously processed data were used as input for the genome
reconstruction.

READ MAPPING The preprocessed sequencing data of all 133 were mapped
against the three reference genomes: M. leprae TN chromosome (RefSeq ID:
NC_002677.1), the mitochondrial genome of Homo sapiens, and HBV (Genbank
ID: AY738142.1)) using CircularMapper [23] with a minimum quality score of 20
and a maximum hamming distance of n = 0.2. Mapping describes the process of
comparing the preprocessed DNA fragments to the reference genome and identi-
fying the position within the genome to which the DNA fragment belongs. The
standard method in aDNA analysis is BWA aln [145]. This method works well for
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linear genomes, e.g., the nuclear genome. However, most genomes investigated in
this thesis have a circular structure, e.g., bacterial genomes or the human mito-
chondrial genome. To also handle the circular structure, CircularMapper has been
developed and is part of the EAGER pipeline [23]. This method uses BWA aln
as underlying mapping software and can properly map DNA fragments to circular
genomes, especially to the artificially introduced point of intersection.

ANCIENT DNA AUTHENTICATION After mapping, the ancient origin of
the resulting reads can be verified based on the damage patterns typical of aDNA.
The calculations were performed using DamageProfiler ([133], Chapter 3) and
include the length distribution, hamming distance, and the frequency of the C to
T base substitution. To further verify that the bacteria comes from the same
time period as the mummified individual, i.e. is ancient, their damage patterns
were compared with those obtained from the mapped human reads of the same
sample. Assuming that both are coming from the same time, the patterns should
be coherent.

VARIANT CALLING AND SNP EFFECT ANALYSIS The next and last
step is variant calling using GATK UnifiedGenotyper [103, 207], which entails iden-
tifying SNPs and small InDels from next-generation sequencing data. The result is
presented as a VCF file containing each specified position, the reference, and the
allele call. Based on the created VCF file, MUSIAL [208] can be used to investi-
gate further and process the variant calls, such as calculating SNP alignments for
a given set of genomes and additional statistics. The applications described in this
work were set as follows: the reference base was called if the position was covered
at least three times, and the quality score was at least 30. The base was called an
SNP if the quality score was at least 30, and 90% of the mapped reads contained
this variant.

Moreover, the functional effect prediction software SnpEff [209] can be called
directly within MUSIAL but also independently, which categorizes the effects of
variants and predicts coding effects based on their genomic locations.

Phylogenetic analysis and estimation of divergence times

For M. leprae, all published and newly reconstructed genomes with a coverage of
at least 5X of 80% of the genome were included in this analysis. MEGAX [210]
was used to calculate a maximum parsimony tree using partial deletions (cutoff
of 80%) and 1000 bootstraps. Besides, a maximum likelihood tree was generated
using PhyML [211] with 100 bootstraps and optimizing tree topology, branch
length, and rate parameters. Based on the temporal signal that could be detected
using TempEst [212] and a date randomization test, the analysis of the divergence
time and substitution rate was performed using the Bayesian framework BEAST
version 2.5.0 [213] based on 161 modern and ancient strains, which is represented
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by the data set after excluding all hypermutated strains. In these strains, there
is an unusually long branch but with roughly the same number of InDels and
deleterious mutations in gene nth, an endonuclease III gene [214]. In addition,
all SNPs belonging to known repeat regions and rRNA, as well as the positions
covered by the negative control sample SK12 [27] were excluded.

For HBV, two different approaches were used for the phylogenetic analysis: a
network structure using SplitTree version 4.15 [215] and a maximum likelihood
tree, calculated using PhyML version 3.1 [175] and 100 bootstraps. The tree-like
network is based on an alignment of 511 modern and ancient HBV genomes, as
used and established in a previous study [29], using the parameter NeighborNet
[216] with uncorrected P distances. The maximum likelihood tree is based on a
selected subset of the alignment described above, representing all HBV genotypes.
It consists of all ancient and 111 modern human and non-human primate HBV
genomes [29–31, 217], as used in a previous study [29], and our new genome
Abusir1543. The sequences were aligned with MAFFT version 7.407 [173] using
the linsi algorithm.

Recombination analysis

As recombination is known to occur in HBV, a subset of 52 representative genomes,
including all ancient strains, Abusir1543, and one strain per sub-genotype, was used
for recombination analysis. Recombination is defined as the exchange of genetic
material between organisms (Section 2.2). There are five commonly accepted
methods for detecting recombination in DNA sequences: similarity methods, dis-
tance methods, phylogenetic methods, compatibility methods, and substitution
distribution. These concepts are implemented in various software. However, the
software RDP4 [218] was used for this specific analysis as it is specialized in virus
DNA. In particular, the methods RDP [219], GENECONV [220], Chimaera [221],
MaxChi [222], BootScan (secondary scan) [223], SiScan (secondary scan) [224],
and 3Seq [225] were run. The window size of 100 nucleotides and the circular
genome without reference parameter were set.

5.2.3 Results

Metagenomic analysis

The metagenomic screening of all 133 samples from different mummy tissue re-
sulted in a majority of reads mapping to the bacterial genus Clostridium, indepen-
dent of the investigated tissue or time (Appendix, Figure A.2). This genus is known
to be involved in biological tissue decomposition and can survive well due to the
endospores they build [226, 227]. A closer investigation of these reads, especially
the damage patterns, showed various frequencies of base substitutions within the
mapped reads, indicating different ages of the DNA. Therefore, reads mapping to
Clostridia have been excluded from further analysis, as they most likely originate
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Figure 5.1: Community profiles of all microbes in bone, soft tissue, and oral samples.
This diagram shows the proportions of soil (brown), modern oral tissue (light green),
and modern calculus (dark green).

from environmental contamination or postmortem habitat of the analyzed tissue.
Evaluation of the metagenomic sources [102] shows that most oral samples contain
microbes expected in oral samples (Figure 5.1). Hardly any such signal could be
detected in the other tissues (i.e. bone, soft tissue). In addition, there were many
bacteria that had not been assigned. This is possibly due to the absence of com-
parative metagenomic profiles from different mummified tissues or decomposition
materials. In the following sections, the different tissue is described separately.
Within each tissue, samples were grouped according to the time period.

The investigation of the bone and soft tissue samples yields a general compo-
sition of the phyla Firmicutes, Actinobacteria, Proteobacteria, and Bacteroidetes
(Appendix, Figure A.3a). Metagenomic analysis of these samples also revealed the
presence of various pathogens. The first pathogen, Proteus mirabilis, was detected
in four samples (Abusir1608b, Abusir1566b, Abusir1609b, and Abusir1645b) and
is a possible agent of symptomatic infections of the urinary tract [228], but also
known to be present in wound infections [229]. Furthermore, Enterococcus fae-
calis and Enterococcus faecium were detected in eight samples. These bacteria
are typical inhabitants of the intestinal tract of healthy individuals. Still, they are
also known to cause infections in humans, such as endocarditis and septicemia,
and infections in the urinary tract [230]. Finally, M. leprae and HBV were detected
and the analyses performed are described in detail in the following sections.

The ancient origin of all identified pathogens could be verified by showing the
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increasing frequency of base misincorporations at the ends of the fragment and the
short fragment length using DamageProfiler [133]. In addition, the comparison of
the damage patterns of the human DNA recovered from the respective samples
yield similar patterns, also supporting the ancient origin. The ancient human DNA
of these samples was already proven to be authentic in a previous study [119].

Mycobacterium leprae in Abusir1630

The metagenomic screening yielded the identification of a high number of reads in
sample Abusir1630b that mapped against the genome of Mycobacterium leprae.
Individual Abusir1630 was dated to 342-117 cal BCE, and the respective sample
was taken from a bone. The excellent preservation of the sample allowed us to
reconstruct the genome based on the shotgun sequencing without the need for
additional enrichment for this specific pathogen. The genome was reconstructed
based on the mapping against the reference genome of M. leprae (RefSeq ID:
NC_002677.1) using EAGER [23]. About 97% of the genome could be recon-
structed with a mean coverage of 35.35X and authentic damage patterns with
a damage profile of 10.8 to 11.3 % and average fragment length of 44bp (Fig-
ure 5.2). The investigation of this sample mapping to the human genome resulted
in comparable damage patterns, supporting the ancient origin. The analysis of
the single nucleotide polymorphisms (SNPs) of the newly reconstructed M. leprae
strain Abusir1630 yielded 3,342 informative SNPs. Among them, 47 missense,
41 synonymous, one stop-gain, and one stop-loss variant could be detected. Nine
SNPs were exclusive to the leprosy strain Abusir1630, five belonging to non-coding
regions, three intragenic variants, two synonymous, and one missense variant. The
missense variant occurs on position 1,824,962 and affects gene ’dapA’, which is
involved in the synthesis of (S)-tetrahydrodipicolinate [231].

The phylogenetic analysis using a maximum likelihood and maximum parsimony
approach (Appendix, Figure A.4 and A.5) resulted in a consistent placement of
Abusir1630. The phylogeny ofM. leprae is defined by six branches (0 to 5) and four
SNP types (1 to 4), including 16 SNP sub-types (A to P). The two nomenclatures
originated from two different research fields, including modern diagnostics (SNP
types) [214, 232] and whole-genome investigations (branches) [27]. Although the
former is constructed using a limited number of SNPs and provides less resolution,
it is widely used in the leprae research field. The newly sequenced strain Abusir1630
falls within branch 4, clustering together with the modern strain S15, and was
typed to be of SNP type 3L. This branch mainly contains modern strains from
Africa, and one additional ancient genome from Czech Republic (Body188), dated
to 800-1200 CE [28]. The short branch length indicates the genetic proximity of
Abusir1630 to the most recent common ancestor (MRCA) of genotype 3L.

Due to the detectable temporal signal, a time-aware phylogeny was performed
for the given data set using BEAST [213]. This result lead to an estimate of 5,844
years (y) before the most recent sample for the time to the most recent common
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ancestor (tMRCA). This points to a divergence time for the leprosy variation about
1300 years older than previously published [28], but overlapping with the confidence
intervals once estimated [27, 28]. The divergence time of branch 4, estimated to
3,428 y, suggests an introduction of the strain in Egypt between 1410 and 117 BCE.
However, additional strains of genotype 3L are needed to accurately determine the
chronology of branch 4.

HBV in individual Abusir1543

Further investigations of the samples showed reads mapping to a hepatitis B virus
reference genome in the bone and soft tissue of individual Abusir1543. As before,
the excellent preservation of the sample allowed a genome reconstruction based
on the shotgun sequencing without further enrichment. The mapping against the
HBV genotype A reference genome (RefSeq ID: AY738142) yields 1594 mapped
reads, 20.56X mean coverage covering 96.31% of the genome, and a damage
profile of 10.4%, suggesting the ancient origin of the sample.

For the phylogenetic placement of strain Abusir1543, a whole-genome align-
ment of 511 modern and ancient HBV genomes was used to calculate a network
(Figure 5.4) and maximum likelihood tree (Appendix, Figure A.6). Both the net-
work and ML tree of HBV resulted in a consistent placement of Abusir1543 within
genotype A. Besides several modern strains from Africa, this genotype contains six
ancient strains from Eastern Europe, dating from around 1500 to 4200 years before
the present. In detail, all ancient strains in this genotype fall basal to Abusir1543,
which falls ancestral to genotypes A1 and A3, consisting of only modern African
strains.

Additionally, the newly sequenced strain was tested for recombination due to
known recombination events within the HBV genome [34]. Recombination causes
mosaic sequences, where different patterns are inherited from one or multiple an-
cestral sequences called parents. The analysis of Abusir1543 resulted in two parents
detected, namely a 4000-year-old strain RISE254 from Hungary as a minor parent
and the genotype D strain extracted from a 1,500-year-old Italian mummified indi-
vidual as a major parent. It is improbable that the strain Abusir1543 resulted from
direct recombination of these strains; therefore, it was likely the ancestral stains
of the two parents which were involved in the recombination.

A weak temporal signal could be detected for the HBV data set. Therefore, the
divergence time estimation was investigated using BEAST [213]. The data set for
this analysis consists of 128 modern and ancient strains as already used in previous
analysis [30], as well as strain Abusir1543. The analysis estimated the tMRCA
to 8923 BCE., thus matching previous results [30]. The tMRCA of Abusir1543
and genotypes A1 and A3 are estimated to 448 BCE. (2,467 y (2076-3021 y
95% HPD)). Confirming previous results [30], the mean clock rate is 1.30x10−5

substitutions per site per year (95% HPD interval: 9.99x10−6 - 1.61x10−5) under
this model. Moreover, the addition of the oldest genomes reconstructed so far did
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Figure 5.2: Damage patterns of sample Abusir1630. All reads are from shotgun
sequencing and mapped against the M. leprae reference genome.
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Figure 5.3: Based on 2641 informative SNP positions from 161 M. leprae samples,
a Bayesian tree with maximum clade reliability was reconstructed. A strict molecular
clock and the Bayesian skyline model were used. Ancient samples are in bold, and
the newly added Abusir1630 genome is in red. Node labels are median divergence
times in years BCE and CE. Posterior values are in gray. Genotypes are written in
parentheses or marked with dotted lines. Branches are shown on the right side with
black bars.
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Figure 5.4: The phylogenetic network is based on 511 HBV genomes (Appendix,
Table A.1). The newly sequenced genome is highlighted in blue, while previously
published genomes are highlighted in red and labeled in black [29–31, 217]. The
capital letters represent the different clades. The designation "Apes I" includes all
strains of gibbons and orangutans, and "Apes II" includes the strains of gorillas and
chimpanzees.

not influence the estimations. However, genetic dating is not expected to provide
conclusive results because of the recombinations and mutations that occur. It can
also be affected by crossing the barrier between humans and apes. [34–36].

Oral microbiome assessment

Since the data set used in this study was dominated by well-preserved oral samples,
a more detailed picture of the microbial composition of the oral cavity was obtained.
All identified ancient oral microbiome reads showed a reliable damage pattern
(Appendix, Figure A.7) matching the profile of the mitochondrial reads of the
corresponding individuals, further supporting the ancient origin. Contrary to the
bone and soft-tissue samples, reliable modern comparative data sets were available
for the oral microbiome, allowing a more in-depth analysis. First, for all oral
samples, the composition of different microbial sources was assessed, and second,
the general metagenomic composition on the phyla level. Lastly, a screening on a
species level compared with the paleopathological investigations [233] provides an
insight into the oral health status of specific individuals.

The investigation of the microbial sources contained in the five calculus samples
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yielded in a majority of unassigned species, which is not unexpected for ancient
samples [25, 191]. Nevertheless, a high signal for modern calculus and modern oral
communities in samples Abusir1519c (70.55%) and Abusir1594c (11.80%) provides
a basis for further investigations. Considering the phyla level, the calculus sam-
ples were dominated by Firmicutes, Actinobacteria, Proteobacteria, Bacteroidetes,
Chloroflexi, Fusobacteria, and Spirochetes (Appendix, Figure A.3). These results
are consistent with already identified dominating bacteria in ancient calculus [25,
234]. Considerations at species level revealed the presence of fragments mapping
to the bacteria of the Red Complex, a widespread bacterial complex consisting of
Tannerella forsythia, Porphyromonas gingivalis, and Treponema denticola associ-
ated with periodontal disease [235]. Moreover, Filifactor alocis and Olsenella uli,
which are associated with periodontitis and endodontic infections [236, 237], were
also identified in two calculus samples.

As with the calculus samples, the majority of microbial species identified in the
dental samples could not be classified to any of the sources (Figure 5.1). However,
four samples (Abusir1580t, Abusir1650t, Abusir1614t, and Abusir1573t) showed a
reasonable amount (> 10%) of species that were associated with oral communi-
ties. In the remaining samples, the oral community represents between 0 and 5.8%.
The samples are mainly composed of the phyla Firmicutes, Actinobacteria, Pro-
teobacteria, Bacteroidetes, Chloroflexi, Fusobacteria, and Spirochetes (Appendix,
Figure A.3), and on the species level, multiple bacteria connected to the oral
microbiome have been detected. Fourteen samples were identified as harboring
bacteria belonging to the Red Complex among others. Furthermore, nine tooth
samples showed the presence of Filifactor alocis and Olsenella uli. Streptococcus
mutans, which is known to be a significant contributor to tooth decay [238], could
be identified in three samples.

Together with the paleopathological examinations already published for 18 of
the tooth samples [233], a clearer picture of the general oral health of these individ-
uals could be obtained. The comparison showed that for 13 samples, the genetic
identification of oral disorders could be confirmed paleopathologically (Appendix,
Table A.2). Two samples showed clear genetic evidence, while visual inspection
showed no signs of lesions. In contrast, three samples showed clear paleopatholog-
ical signs of oral lesions, while no oral pathogen could be detected genetically.

5.2.4 Discussion

This study analyzed a data set of 133 samples from mummified Egyptian individu-
als, spanning around 2000 years from the first intermediate to the Roman Period.
The samples were taken from different tissues and the analysis was focused on the
metagenomic composition of the various tissues, especially the oral microbiome,
and the identification of pathogens associated with ancient Egyptians.

All samples showed a high amount of reads mapping to Clostridia with varying
damage profiles. Their presence is not unexpected as Clostridia are known to be
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involved in the decomposition of biological material [226, 227]. Also, the varying
damage profiles are a result of their presence in different stages of the decay and
their ability to survive longterm, even in extreme climate conditions as in Egypt
[239, 240]. The detection of microbial communities in all samples additionally
showed a high amount of unassigned species, which is expected in ancient samples
[191], and can be caused by various reasons. One reason is that these species
belong to different communities, for example, the necrobiome,which describes the
species composition harvesting a decaying corpse [241–243]. However, no compar-
ative sample was available for this study as all studies on the necrobiome are based
on 16s sequencing, making direct comparison difficult. Besides, the samples are
metagenomic in nature, meaning that they also contain a variety of environmental
DNA. Their study was challenging because no soil samples were available from this
site at the time of the excavation. In addition, unassigned species may also be due
to differences in the ancient and modern bacterial composition of different body
parts and lacking knowledge of the actual composition of ancient communities,
but also the different sample origin.

The investigations of time and tissue-specific metagenomic compositions of all
samples were restricted by the lack of comparative data sets, especially for bone
and soft-tissue samples. Also, the analysis of the general metagenomic composition
on phyla level did not yield any detectable patterns specific to the time period or
tissue, probably caused by the high environmental contamination of the samples.
This is also reflected by the SourceTracker analysis that resulted in a high number
of unassigned species. Although there were modern comparative samples for the
oral microbiome, it also resulted in many unassigned species. This can be explained
by the differences in the compositions between modern and ancient samples [25], or
due to different populations, origins, health, or social background of the individuals,
resulting in different microbial profiles. Aside from these challenges, specific oral
pathogens could be detected in around 25% of the oral samples, showing authentic
damage patterns, while 13 cases were confirmed through paleopathological analyses
[233]. The differences between the genetic and the paleopathological analysis may
come from an early stage of the infection, where lesions are not yet present, or
vice versa. Moreover, multiple teeth were incomplete, so the bacterial could still be
present in other teeth, while the infected ones have already dropped out. Moreover,
there are also disease-associated species that are also contained in the healthy oral
microbiome, such as Red Complex and S. mutans [186]. Nevertheless, the analysis
showed that bacteria well-known in the oral microbiome of modern and ancient
individuals with different backgrounds are also present in the studied individuals
from ancient Egypt.

Additionally, the analysis of bone and soft tissue resulted in identifying five
pathogens. However, only a minimal amount of reads could be detected, compli-
cating any further investigation. Moreover, as both P. mirabilis and Enterococcus
species usually are predominantly present in the urinary tract; miss-classification
can not be excluded. In contrast, five of 12 individuals show clear damage pat-
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terns. These discrepancies can be explained by the relaxed mapping parameters
chosen to also take the chemical modifications of ancient DNA into account or by
environmental contamination.

The investigation of the bone and soft-tissue samples also resulted in the recon-
struction of two complete pathogen genomes: a M. leprae and an HBV genome.
The former was detected in a 2,200-year-old individual without showing any phys-
ical signs of leprosy infection, which is not untypical for an early stage of leprosy.
This represents the first complete genome reconstructed from ancient Egypt. The
only other record is of SNP type 3K/L/M and dated to the fourth to fifth-century
[244, 245]. A detailed assessment of the SNP type was not possible due to poor
DNA preservation. However, Abusir1630 (SNP type 3L) confirms the presence
of this SNP type in ancient Egypt. As the first and so far oldest reconstructed
genome from Egypt, Abusir1630 could help to understand the past and origin of
leprosy. Currently, two hypotheses exist [28]: The first describes an origin in West-
ern Eurasia, from where it has spread. The second assumes that M. leprae was
present in a different region in the world and was then introduced into Europe
before and during the Middle Ages. However, these models are only based on
ancient data from Europe and modern strains. In addition to the introduction of
strain Abusir1630 and its location in branch 4, modern strains from West Africa
and Brazil as well as an ancient strain from the Czech Republic, suggest an origin
in Eurasia, which is also supported by ancient European strains found in branch 0.
However, neither of the hypotheses as of today can be favored. The dating analy-
sis yielded a mean tMRCA around 1300 years older than previously published [28],
dating to 3800 BCE, as well as a general shift of several hundred years back in the
estimation of the divergence time in all branch splits, presumably due to the addi-
tion of the so far oldest strain Abusir1630. However, the 95% HPD intervals still
show an overlap with the previous dates. Due to missing genetic investigations,
the 4000 and 2600-year-old cases from India [246, 247], the 1500-year-old case
from Italy [248], and the nearly 6000-year-old case from Hungary [249] could not
be taken into considerations for the analysis of the divergence time. These cases
were only confirmed osteologically without any molecular support. Nevertheless,
these widespread records, especially the sample from Hungary that matches our
tMRCA, suggest that leprosy’s origin may go back further into the past.

The second fully reconstructed pathogen genome is a 2000-year-old HBV virus
genotype A strain. HBV is the causative agent of human hepatitis, and the oldest
genomes are dated to the Neolithic era [29]. The availability of bone and soft
tissue of individual Abusir1543 allowed the comparison of the preservation of this
specific pathogen in different tissues, resulting in better preservation in soft tissue.
The virus has already been detected in two other mummified individuals [31, 217]
and in different skeletal material [29, 30]. Accordingly, it cannot be concluded
that a particular tissue is preferable for the recovery of HBV genetic material. The
phylogenetic analysis showed that Abusir1543 falls within the genotype A clade,
ancestral to genotypes A1 and A3, consisting of mainly modern African strains.
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Basal to Abusir1543, two several thousand-year-old strains from Russia, a 2500-
year-old strain from Hungary, and a 1500-year-old strain from Slovakia can be
found. This confirms the hypothesis by Mühlemann et al. [30] that the ancestors
of genotypes A1 and A3 originated in Eurasia and then migrated through Eastern
Europe into Africa. While the phylogenetic support of the placement of Abusir1543
is excellent and consistent for all methods used, the overall support varies a lot and
has to be considered with care. This instability of the phylogeny may be caused
by the recombination that is known to occur in HBV. Therefore, an assessment of
the divergence times most likely result in unreliable results. Although this analysis
is done in several studies [250–252], they only considered selected genotypes or
strains, where no recombination events can be detected. As the strains consid-
ered within this study show a positive temporal signal, a time-aware phylogenetic
analysis was performed, yielding similar dates to previously published results [30].
However, due to the recombination events detected in strain Abusir1543 and the
ongoing discussions about recombination events, and the lack of adapted methods,
the dating results must be considered with great care.

5.3 Application 2: Variola virus genome iso-
lated from an 18th century museum spec-
imen

Text and figures in this chapter were adapted with modifications from our work
published in Philosophical Transactions of the Royal Society B [253].

5.3.1 Introduction

Smallpox is known to be a highly contagious and lethal disease [254, 255], which
caused several large scale epidemics [254, 255] before it was eradicated in 1980
CE [254]. The causative agent of smallpox is the Variola virus (VARV), a member
of the genus Orthopoxvirus [254, 256, 257]. According various sources, VARV
emerged around 3,000-4,000 years ago [258–261]. The first evidence of smallpox
disease has been recorded in 1122 BCE China and 1500 BCE India and ancient
Egyptian mummies dating to 1580-1100 BCE [254, 255, 262]. However, no genetic
confirmation of these cases is available. The earliest reliable cases are ascertained
in the 4th century CE China, 7th century CE India, and the Mediterranean, and
10th century CE southwestern Asia [254, 255, 263]. Nevertheless, with these few
cases, the origin of VARV is still unclear.

Thanks to advances in ancient DNA (aDNA) research, a new understanding
of disease origins and evolution can be gained by reconstructing ancient pathogen
genomes [264, 265]. While the origin of various bacteria has been investigated
and many genomes are already available (e.g., Mycobacterium leprae [27, 28] and
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Yersinia pestis [127–129]), the research of ancient viruses is very limited. The
attempts to sequence VARV genomes were of only limited success. In 2012, PCR
fragments could be isolated from 17th-18th century CE Siberian mummies, which
suggests a VARV origin approximately 2,000 years ago [130]. The first complete
ancient genome has been reconstructed from a 17th century CE Lithuanian child
mummy [32], followed by two specimens from the Czech National Museum in
Prague dated to the 19th and early 20th century CE [33].

The divergence time estimate for a common ancestor of all VARV strains oc-
curring in the 20th century CE yielded different dates covering a period between
1350 and 1645 CE [32, 33, 131, 266]. Consensus exists, however, that the point of
divergence between the historical and 20th century AD occurring strains pre-dates
the initiation of widespread inoculation in 1796 AD [254].

Furthermore, the time of common ancestry of clades PI and PII also appears
to predate modern inoculation. The diversity within the modern clades does not
appear to have arisen until the late 19th or early 20th century AD. These results
suggest that the predominant VARV strains at that time were going through a
severe bottleneck. At that time (the turn of the 20th century AD), worldwide
smallpox vaccination programs began [254], causing the extinction of several older
lineages [32].

By the 18th century AD, smallpox was endemic in Europe [267], with both
epidemic frequency and mortality increasing [268–270], particularly among chil-
dren [271]. To contribute to this period, this study reconstructed an 18th century
CE VARV genome derived from a museum specimen of a child’s leg made by
the surgeon and anatomist John Hunter (1728-1793 CE) between 1760 and 1793
CE [272]. The phylogenetic analysis of the newly reconstructed historical VARV
genome and all available historical and modern genomes results in a recent com-
mon ancestor dated to the 17th century CE, and suggests greater VARV diversity
in the past than previously thought. This study also demonstrates how increasing
the number of available historical or ancient genomes can lead to better resolu-
tion of phylogenetic inferences. In addition, the metagenomic composition of the
conserved tissue was investigated.

5.3.2 Methods

The methods are described in more detail in [253] and the Section 5.2.2, and are
only briefly depicted here.

Sample information, extraction and library preparation

The sample RCSHC/P 328 was taken from an ethanol-fixed infant leg embedded in
liquid paraffin, stored at the Hunterian Museum at the Royal College of Surgeons
of England. The DNA extraction followed a modified protocol from Devault et al.
[273] and was conducted in the cleanroom facilities at the University of Zurich.
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Six double-indexed sequencing libraries were generated from 10 µl of extract and
extraction blank following a protocol optimized for aDNA [198, 199]. The se-
quencing was performed on the HiSeq2500 and HiSeq4000 Illumina platforms with
2x125+7+7 or 2x75+8+8 cycles, respectively, by the Functional Genomics Center
Zurich (Switzerland).

Metagenomic screening & Genome reconstruction

The metagenomic screening of all six libraries was conducted using MALT [101]
with the parameters described in Section 5.2.2 and processed using MEGAN6 [202].

The VARV genome was reconstructed using the EAGER pipeline [23] using
the parameters and methods as described in Section 5.2.2 with a variation in the
mapping parameters. The processed sequencing data were mapped against the
reference genome of VARV (RefSeq ID: NC_001611.1) using CircularMapper [23]
with a minimum quality score of q = 37 and a maximum hamming distance of
n = 0.01.

Phylogenetic analysis and estimation of divergence times

The whole-genome alignment, which serves as the basis for the phylogenetic analy-
ses, consists of 57 genomes: 44 modern and three historic publicly available VARV
genomes [33, 37, 266, 274, 275], as well as eight additional Orthopoxvirus genomes
(camelpox virus, taterapox virus, cowpox virus, horsepox virus, monkeypox virus,
raccoonpox virus, skunkpox virus and volepox virus) [37, 276–280] and a horsepox
virus genome reconstructed from a vaccine manufactured in 1902 CE [281]. The
sequences were aligned with MAFFT version 7.407 [173] using the FFT-NS-2 algo-
rithm. Based on the resulting alignment and using all sites, a maximum-likelihood
tree was calculated using RAxML version 8 [174] with 100 bootstraps.

To investigate the divergence times, BEAST2 [168] was applied to the data
set described above, excluding the additional Orthopoxvirus genomes. Beforehand,
due to controversial dating information, the tip dates of two historical strains, V563,
and V1588, were estimated based on the time interval indicated by the original
publication [33] and the corresponding comment [266]. A uniform distribution was
used for strains P328 (1760-1793 CE) and VD21 (1643-1665 CE), and a normal
distribution was used for V563 (mean: 1925, standard deviation: 20) and V1588
(mean: 1929, standard deviation: 60). Based on the resulting tip dates and the
isolation dates of all modern strains, the divergence times and substitution rate
have been estimated by using a strict molecular clock, the K81 substitution model
(bModelTest [282]) and assuming constant population size [283] as tested best
previously [32].
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(a) Leg sample P328. (b) Coverage plot.

(c) Damage profile.

Figure 5.5: Overview VARV sample P328. (a) Vessel containing specimen RC-
SHC/P 328. (b) Coverage plot of the newly reconstructed VARV genome from
sample P328. Blue indicates the coverage at a particular position (outer ring), cod-
ing areas of the genome are in grey (inner ring, the shades of grey indicate forward
and reverse strand). The dotted circles indicate the coverage. (c) Damage profile of
all reads mapping to VARV and human MT genome.
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5.3.3 Results

Metagenomic analysis

The sample investigated in this study was collected from a museum specimen
with a known diagnosis of smallpox, specimen RCSHC/P 328 (later referred to as
P328, Figure 5.5) from the Hunterian collection at the Royal College of Surgeons
of England. The sample, an infant’s leg, is covered with smallpox lesions, and it is
believed that the infant contracted the disease in utero. Following DNA extraction,
six DNA libraries were generated for shotgun sequencing, obtaining approximately
150 million raw reads.

All reads mapping to the human genome were excluded to assess the metage-
nomic content of all six P328 and non-template control libraries. The remaining
reads were mapped using MALT as described in Section 5.2.2. On average, 5.81%
of the sequenced DNA could be assigned to the genomes of the reference database.
The high number of unassigned reads may come from thus far unsequenced envi-
ronmental bacteria. Overall, the P328 libraries are composed of viruses (53.77%),
followed by bacteria (45.47% on average) and archaea (0.76% on average). While
a background-specific metagenomic pattern could not be detected, the metage-
nomic analysis also yields a high amount of reads mapping to Poxviridae (6.85%
- 24.38%), especially to the VARV genome (NC_001611.1) in all libraries except
the non-template controls (Appendix, Figure A.8).

Ancient genome reconstruction

After combining all P328 libraries into a single file, all DNA fragments were
mapped against the VARV (NC_001611.1) and the human (GRCh37.p13) ref-
erence genome using EAGER [23], respectively. The mapping against the human
genome (resulting in 62,250,656 reads) yield the reconstruction of 95.42% of the
human mitochondrial genome with a mean coverage of 19.62X and a damage pro-
file of 28.07% to 30.68% (Figure 5.5b), verifying the ancient origin of the sample.
This is supported by schmutzi [134], resulting in 1% of modern-day human con-
tamination. The haplogroup was determined using HaploGrep2 v2.1.19 [164] and
results in haplogroup H3b1b1, which is common in Europe. The mapping against
the VARV reference genome resulted in 56,549 unique reads, and 85.18% of the
VARV genome was covered with a mean coverage of 14X. (Figure 5.5c). The anal-
ysis of reads mapped to the VARV reference revealed a damage profile of 29.76%
to 31.32% (Figure 5.5b). As the damage profile of the reads matches that of the
human mitochondrial genome, this further confirms their ancient origin.

Phylogenetic analysis and estimation of divergence times

Based on a maximum likelihood tree, the newly reconstructed strain could be
placed basal to all modern VARV strains, along with the historical strain VD21
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[33, 131], as already shown previously [32, 33, 131] (Figure 5.6A, the complete tree
is shown in Appendix Figure A.9). Furthermore, the root subdivides the smallpox
strains into new- and old-world orthopoxviruses [277, 284].

A closer investigation of the dating was done for the Czech samples (V1588
and V563) due to discrepancies [33, 131], which could be solved with BEAST
2.5.2 [213]. The dates were estimated to 1925 CE for V1588 and 1920 CE for
V563. Subsequently, the divergence times of all viral genomes were calculated
(Figure 5.6B, Table 5.1). Also, the analysis estimated a mean evolutionary rate
of VARV to be 10.67x106 nucleotide substitutions per site per year. The newly
sequenced strain P328, dated to 1766 CE, falls basal to all modern human strains
[37, 274, 275], as well as to the historic Lithuanian strain VD21 [32, 131] dated
to 1656. The tMRCA of all used genomes is estimated at 1651 CE (1639-1662,
95% HPD). The median divergence time of P328 and the modern strains is dated
to 1701 CE (1687-1714 CE, 95% HPD). In agreement with previously published
results, V563 and V1588 fall into the modern P-I and P-II clades, respectively
[33]. For testing the reliability of the estimate of divergence time, the BEAST
analysis was reran excluding the strains V563 and V1588, producing near identical
divergence times (Appendix, Figure A.10)
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(a) Maximum likelihood tree.

(b) Dated Bayesian tree.

Figure 5.6: Phylogenetic analysis of VARV. (a) Maximum-likelihood tree derived
from 57 Orthopoxvirus genomes. The historical genomes are in bold, the newly
sequenced genome is in red and underlined. Bootstrap values are indicated as node
labels in gray (100 BS). (b) Dated Bayesian maximum clade credibility tree calculated
with BEAST 2.5.2 [168]. Nodes are labeled with the 95% HPD interval. Historical
genomes are in bold; the newly added genome is in red and underlined. Posterior
values are indicated as node labels in gray.
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Table 5.1: Time to the most recent common ancestor (tMRCA) comparison of the dated VARV tree and individual branches from
this study and previously published studies [32, 33, 131]. (Dates are given in calendar years (CE). HPD, highest posterior density.)

This study Duggan et al. [32] Pajer et al. [33] Smithson et al. [131]Branch splits, (CE) mean tMRC 95% HPD mean tMRCA 95% HPD mean tMRCA mean tMRCA 95% HPD
Split VD21/P328/
modern VARV 1651 1639–1662 1617 1588–1645 1350 1517 1470–1563

Split P328/
modern VARV 1701 1687–1714 na na na na na

Split P-I/P-II 1809 1797–1820 1764 1734–1793 1695 1623 1579–1667
Split P-I internal 1911 1908–1915 1910 1902–1917 1887 1881 1861–1897
Split P-II internal 1886 1877–1893 1870 1855–1885 1808 1794 1754–1828
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5.3.4 Discussion

This study presents the successful reconstruction of an 18th century CE VARV
genome at a mean coverage of about 14X using shotgun metagenomic data. Be-
sides a capture-bias-free reconstruction of the genome, shotgun sequencing also has
the advantage of analyzing the sample’s metagenomic composition by comparing
it against a reference database. For sample P328, this analysis yield predomi-
nantly plant-infecting viruses, such as the Dasheen mosaic virus, among the top
ten hits. However, the damage profile of the reads mapping to these species does
not show the expected damage profile. Also, a background-specific bacterial com-
position could not be identified. A high proportion of species for which sequences
are unknown and preservation treatment of the samples in ethanol and paraffin
could explain this, along with the absence of studies of the metagenome content
of these preservation methods. Furthermore, to account for DNA damage that
occurs with age, we applied a loose identity parameter during mapping. Neverthe-
less, the VARV genome was still mapped largely by reads whose ancient origin can
be verified by a reliable damage profile (Figure 5.5C).

The phylogenetic analysis placed strain P328 in a sister group to all 20th-
century VARV strains together with VD21, which is consistent with previously
published results [32]. The common ancestor for all VARV strains, including P328,
is dated to between 1639 and 1662 AD. This is consistent with the suggested
common ancestor between modern strains and VD21, which is dated to AD 1588
to 1645 [32], both younger than the common ancestor suggested by Pajer et al.,
which is dated to AD 1350 [33].

Similarly, our phylogenetic analysis calculates the divergence time of the PI
and P-II clade between 1797 to 1820 CE, of P-I between 1908 to 1915 CE, and
P-II from 1877 and 1893 (Figure 2B). Although these dates are slightly earlier
than those reported by Duggan et al. [32], they are consistent with the hypothesis
that the PI and P-II clades diverged before or during the smallpox vaccination in
1796 CE. This is also consistent with the study that the currently available VARV
genome from the 20th century CE may represent only a tiny part of the genetic
diversity of VARV in the past, as some strains are thought to have disappeared or
are no longer detected due to loss of virulence [267]. Of the four historical strains
included in our study, the younger V563 and V1588 [33] fall into the variety of
modern VARV strains and group themselves in the P-I and P-II clades, respectively.
In contrast, the 17th century VD21 [32, 131] and the 18th century P328 each
form their sister group to the 20th-century strains. This observation is consistent
with modern VARV strains not being representative of past viral diversity and is
congruent with the scenario that selective pressure from increasing vaccinations
led to the disappearance of several VARV lineages [32, 267]. However, obtaining
more ancient and historical VARV genomes is crucial to capture the true diversity
of VARV before the development of smallpox vaccination.

Finally, we addressed the discrepancies in the dating of the strains V563 and
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V1588, which were dated by Pajer et al. to 60 and 160 years, respectively [33].
However, this was disputed, and an improved dating was published [266]. This
dated both to 1920s CE. The dates of the study were re-examined. For this pur-
pose, a tip calibration with normal distribution was taken out around the proposed
younger dates. Furthermore, the possibility that the samples have the original
proposed age was considered. These analyses resulted in a mean date of 1920
AD for V563 and 1925 AD for V1588. This is consistent with the dates proposed
by Porter et al. [266]. Furthermore, our proposed 17th century CE dating of the
common ancestor between modern and historic strains is much closer to the 16th-
17th century CE dating presented by Duggan et al. [32], and Porter et al. [266]
than to the 14th century CE dating obtained by Pajer et al. [33] when assuming
an older date for strain V1588. Excluding V563 and V1588 from the analysis also
demonstrated the stability of the results.

Another study by Smithson et al. [131] proposed an improved genome assembly
for VD21 that, when used in phylogenetic analysis, dates the common ancestor
between VD21 and modern VARV strains to the late 15th or early 16th century
and the divergence between P-I and P-II to the late 16th or early 17th century.
In this study, the newly improved genome reconstruction for VD21 was used, and
dates closer to those of Duggan et al. [32], and older than those of Smithson et
al. [131] were obtained.

The different and at times controversial dating of the VARV phylogeny pre-
sented here and in previous studies (e.g., [32, 33, 131]) demonstrates the im-
portance of improving existing genome assemblies and additionally increasing the
resolving power of such analyses. This can be achieved by adding additional his-
torical genomes from an expanded spatial and temporal range. This is crucial
to understand better the evolution of pathogens over a more extensive temporal
transect and geographical distribution and provide additional calibration points for
phylogenetic analyses. To this end, approaches that do not use hybridization, such
as metagenomic shotgun sequencing, can make a valuable contribution to studying
a wide range of hosts and their associated viruses.
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CHAPTER 6

Conclusion and outlook

Due to NGS technologies and the constantly growing amount of data, bioinformat-
ics is facing new challenges in various research fields. Examples are the identifica-
tion and evolution of pathogens [27, 29, 101, 127] and humans [17, 44, 98, 285],
clinical analyses to detect genetic defects [286], or the reconstruction of genomes
from previously extinct species [98, 287]. In addition, aDNA and evolution studies,
for example, are increasingly incorporating samples into individual projects. Also,
NGS technology has led to the ability to sequence the entire genomic content
rather than targeting only one species. The inherent challenges of bioinformatics
are the efficient management and quick processing of large amounts of data and
the development of new software to help biologists or archaeologists derive knowl-
edge from the acquired data. In addition, researchers need reproducible methods
with which projects can be re-evaluated at any time. Moreover, bioinformatics is
demanded to analyze metagenomic samples, especially the differentiation of truly
ancient DNA and modern contamination.

The first part of this thesis introduces two user-friendly tools for the efficient
processing of NGS data. The challenges for bioinformatics are developing and
implementing user-friendly software that supports users, regardless of knowledge
level, to analyze their data. They must be able to process NGS data in a standard-
ized and sound manner. In addition, the complete analysis must be reproducible
so that the data can be re-analyzed at any time, providing the same results. To be
as flexible as possible for new application areas or data types, it is advantageous
if the software has a modular structure. This way, the existing software can easily
be extended with new functions, such as new analysis methods or visualizations.
In this work, the software DamageProfiler (Chapter 3) and mitoBench (Chapter
4) are presented.
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DamageProfiler can be used to authenticate the ancient origin of DNA reads
based on damage patterns characteristic of ancient DNA (Chapter 2.4). For a given
set of mapped DNA fragments, it calculates the frequency of base mismatches,
the read length distribution, and the difference between the DNA fragment and
the reference genome. The runtime has been significantly improved compared to
existing software [42, 43]. In addition, a graphical user interface and comprehen-
sive documentation increase the usability of this software. A possible extension of
DamageProfiler could be the implementation of a scaling option similar to map-
Damage2 [42], which has already been requested by users. Furthermore, a web-
based version of DamageProfiler also could improve its accessibility and usability.

While DamageProfiler can be applied to data from all kinds of species, the soft-
ware mitoBench is specialized in human data. MitoBench consists of a workbench
and a database. The workbench provides a range of specific analysis methods
and statistics to investigate human mtDNA and is directly connected with the
database, which provides a well-curated, extensive collection of published, com-
plete human mitochondrial genomes, including analysis-relevant meta information.
Possible extensions and improvements to mitoBench include a wide variety of ap-
proaches. While the current database layout is sufficient and efficient for the actual
application, extending and further breaking down this layout into individual tables
could allow private user accounts to upload personal records. This data would
be accessible only to the owner and anyone with whom it is shared. In addition,
the workbench currently only provides a database search based on a few selected
attributes, which also results in data being downloaded that must later be sorted
out again. An improvement will increase the accessibility of the database con-
tents and allow for more detailed searches, which would reduce the amount of
data that needs to be downloaded from the database. This would improve the
efficiency further. The visualizations in mitoBench are implemented with JavaFX,
which provides many additional formatting and layout options. Unfortunately, the
image export in publication-suitable resolution and file format (e.g., SVG) is not
supported. Other libraries, such as JFreeChart [288], or Orson Charts [289], can
be used. However, this also changes the style of the visualization. Alternatively,
mitoBench could be extended to include the functionality of exporting R scripts,
which can then be executed and customized in R. This is not only conceivable for
visualizations but also to perform further customized analyses. Since in many pop-
ulation genetic analyses only the hypervariable regions of mitochondrial genomes
are used, mitoBench could be extended to extract this region as an additional
output. In order to make this feasible, all genomes must be aligned against ,i.e.,
the rCRS or RSRS reference genome to ensure extracting the correct region. For
this to be possible, all genomes would need to be aligned to the rCRS or RSRS
reference genome to ensure that the correct region is extracted. For example, this
could be built into the pipeline of aDNA processing (Section 4.2.4) or directly
included in the mitoBench FASTA import functionality.

86



The second part (Chapter 5) presents two studies in which aDNA was analyzed
from human remains. The successful identification of several pathogens by screen-
ing the metagenomics data set was shown. In addition, the genome reconstruction
of three pathogens - M. leprae, HBV, and smallpox - without hybridization capture
was demonstrated. This is noteworthy, as pathogen DNA typically represents only
a minuscule portion of the metagenomic profile of an ancient or historical sample,
so in most cases, hybridization capture is required to reconstruct genomes (e.g.,
[32, 127, 193]). While this technique can reconstruct genomes more efficiently
with lower costs and higher coverage, the drawback is that only existing knowl-
edge can be recovered. Evolutionary events such as genomic rearrangements will
potentially be missed because the genome used as a reference for the design of
the hybridization probes does not have them. While instances of genome recon-
structions without enrichment for pathogen DNA do exist [27, 290–292], they only
represent a minority of studies using ancient DNA. The reconstruction of the an-
cient genomes has been performed using the well-established pipeline EAGER [23].
However, further processing of the consensus sequence is not provided. A work-
bench similar to mitoBench, but focusing on pathogen genomes, would be helpful
to improve the field of ancient pathogen genomics. First attempts are made with
nf-core/eager [148], which already integrates the metagenomic screening of the
sample. However, subsequent analyses such as phylogenetic reconstructions or re-
combination analysis are not included. Genetic recombination is still a major issue
with many pathogen genomes. While it can be well managed in some species, e.g.,
Treponema pallidum [38, 132], it is still unresolved with HBV, for example. This
work provided a new HBV genome showing signs of recombination to be included
in further research in this field.

To summarize, this thesis describes two novel and improved methods and pro-
grams for the analysis of NGS data (Chapter 3 and 4). In addition, two aDNA
studies are described in Chapter 5, also demonstrating how the developed tools can
be applied. While the focus of Chapter 3 and 5 is mainly on ancient DNA, Chapter
4 combines the analysis of ancient and modern DNA. Although several investiga-
tions have been undertaken, the fields of software development and ancient DNA
analysis, this is still potential for improvements in efficiency and user-friendliness of
the software, but also the need for additional ancient genomes from several species
- especially pathogens - to create a more complete picture of their evolution and
origins. Finally, this work extends the applicability of metagenomic analysis to
previously unused material, such as tissues from mummified Egyptian individuals
and material preserved in ethanol.
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Figure A.1: PDF summarizing the result of the metagenomic analysis with
DamageProfiler. The damage patterns of each species are visualized on a separate
page.
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Figure A.2: Overview of the metagenomic results per sample on genus level. Each
row/color represents a sample and the size of the circle symbolizes the number of
reads assigned to the corresponding genus.
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Figure A.3: Metagenomic composition of all samples. Comparison of bacterial and
metagenomic composition of all samples, tissues, and time periods: first intermediate
period (FIP), pre-Ptolemaic period (PPP), Ptolemaic period (PP), and Roman period
(RP). Individual IDs Abusir<ID> in Figure B and C are abbreviated to <ID> for
ease of reading. (a) Bacterial composition of all bone samples. Numbers indicate the
number of samples per time period. (b) Comparison of metagenomic composition
between different tissues of an individual. The letter ’s’ represents soft tissue, ’b’ for
bone, and ’t’ for teeth are used to distinguish between tissue types. (c) Comparison
of the metagenomic composition of all calculus samples. (d) Comparison of the
metagenomic composition of all dental samples over all time periods (calculus not
included). (e) Metagenomic composition of all library and extraction blanks.
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Figure A.4: Unfolded maximum likelihood tree of all published modern and ancient
leprosy genomes, including the newly sequenced strain Abusir1630. The ancient
genomes are in bold, the new strain Abusir1630 is highlighted in red. Bootstrap
values are given as node labels.
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Figure A.5: Unfolded maximum parsimony tree of all published modern and ancient
leprosy genomes, including the newly sequenced strain Abusir1630. The ancient
genomes are in bold, the new strain Abusir1630 is highlighted in red. Bootstrap
values are given as node labels.
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Figure A.6: Unfolded maximum likelihood tree based on 129 HBV genomes (Ap-
pendix, Table A.1). The ancient genomes are in bold, the newly sequenced genome
in red and bold. The bootstrap values are given for the main branches as node labels.
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Figure A.7: Combined damage profiles of pathogens identified in bone samples.
Damage profile of reads mapping to (a) Proteus mirabilis, (b) Enterococcus faecalis,
(c) Enterococcus faecium, (d) Mycobacterium leprae (sample Abusir1630b), and (e)
hepatitis B virus (combined libraries of individual Abusir1543).
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Figure A.8: Metagenomic composition of all libraries for sample P328, library and
extraction blanks at the order level. All P328 libraries show a high amount of Poxviri-
dae (turquoise), which is completely absent in the blank.
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Figure A.9: Unfolded Maximum Likelihood tree including 57 Orthopoxvirus
genomes. Bootstrap values are given as node labels. The historic genomes are
in bold, the newly added genome in red. Bootstrap values are given for the main
branches as node labels.
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Figure A.10: Dated Bayesian Maximum Clade Credibility tree reconstructed with BEAST 2.5.5 (using a strict clock and constant
population size) excluding strains V1588 and V563. The nodes are labeled with the 95% HPD interval. Historic genomes are in bold,
the newly added genome in red. Posterior values are given as node labels in grey.
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A.2 Supplementary Tables

Table A.1: Listing of all publish available HBV genomes that were used for the
phylogenetic reconstruction. The accession IDs in italic and bold indicate the strains
used for the maximum likelihood tree reconstruction.

FN545831 FJ562260 AB014371 KJ410494 GQ922002 AB219533 AB032433 MG585269
AB116092 GQ358137 AB049610 KJ410496 GQ922003 AB274977 AB555498 DQ315778
AB194951 GQ358146 AB074047 KJ410515 GU456637 EU239220 AB642093 DQ399006
AF297621 GQ358148 AB111120 KJ803766 GU456643 FN545823 AB642101 DQ464173
AM184125 GQ358151 AB112063 KJ803777 GU456651 FN594751 AB713528 DQ464174
AY161138 GQ924621 AB113878 KJ803779 GU456654 FN594760 AB828708 DQ486025
AY233275 GQ924624 AB115417 KJ803790 GU456658 GQ161775 AB900098 EU155893
AY233280 GQ924626 AB176642 KJ803809 GU456665 HM363586 AB900107 EU414139
AY233290 GQ924630 AB195930 KJ803818 GU456669 HM363592 AB931169 EU414140
EU366129 GQ924635 AB195931 KJ803823 GU456674 HM363603 AY206383 EU414141
EU859930 GQ924637 AB198079 KJ803826 GU456678 HM363611 AY206391 EU594432
FJ692558 GQ924641 AB300361 KR013837 GU456679 KU736913 AY800392 EU594434
FJ692592 GQ924645 AB367392 KR013859 GU456682 AB166850 DQ463791 FJ904395
FJ692596 GQ924656 AB367420 KR013871 GU456684 AB214516 DQ993684 FJ904402
FJ692608 HM011466 AB670258 KT364751 HQ700449 AB365453 DQ995802 FJ904422
FM199978 HM011467 AB670259 KU679937 HQ700458 DQ899142 DQ995804 FJ904426
FN545826 HM011471 AB670263 KU679947 HQ700510 DQ899145 EF494381 FJ904427
FN545828 HM011475 AB670285 KU679951 HQ700513 DQ899148 EU158262 FJ904433
FN545833 HM011476 AB670295 KU964045 JF754588 JN688720 EU522072 FJ904438
JN182323 HM011478 AB670298 KU964236 JF754592 JN792921 EU939634 FJ904439
JN182327 HM011482 AB697502 KU964358 JF754597 JQ272888 EU939677 FJ904445
JQ023661 HM011483 AB697510 KX276836 JF754611 KF199901 EU939678 GQ167302
JQ707397 HM011487 AB900109 KX276841 JF754612 KJ638660 FJ023631 GQ184322
KF214660 HM011490 AB900113 KX276844 JF754617 KJ638662 FJ032342 GQ205380
KF922415 HM011496 AB931170 KX276846 JF754631 KJ676694 FJ386582 GQ477452
KF922430 HM011499 AP011099 KX276848 JN040762 X75658 FJ386648 GQ477456
KF922434 HM011503 AY167091 KX276850 JN040766 AY090458 KX276807 X80926
KJ854685 HQ700546 AY206386 KX276853 JN040768 FJ657525 KX276812 GQ205382
KJ854693 JF436921 AY641559 KX276855 JN040769 AB116654 KX276813 GQ205385
KM606737 JN827419 AY641563 AB112472 JN040779 AY311369 KX276815 JN315779
KP168428 JQ027311 D23682 AB111946 JN040818 AY090455 KX276817 AB048701
KP168435 JQ027312 DQ089768 AB112066 JN040822 DQ899146 KX276819 AB033558
KT151612 JQ027313 DQ089777 DQ089767 JN257160 DQ899144 KX276821 AB033559
KU605533 JQ027330 DQ089785 X75656 JN257162 AB116549 KX276825 FJ899792
KU605537 JQ027334 DQ089788 X75665 JN257165 X75663 KX276827 JN642140
KX357650 JQ429081 DQ089790 AB048705 JN257172 AF223962 KX276830 GQ477455
EU859952 JQ707737 DQ089795 AB048704 JN257177 AB056513 KX276858 JN642160
ERS3636018 JX026879 DQ089802 AP011100 JN257190 AF405706 AB241117 GQ477453
ERS3636025 JX661471 DQ089804 AF241411 JN257202 AB064312 AB073858 JN642163
ERS3636093 KC774370 DQ890381 AP011103 JN642133 HE981175 AB219430 JN688710
ERS3636094 KJ173297 EU306725 AP011102 JN642135 AB375163 AP011089 JN688711
ERS3636095 KJ173342 EU498227 AP011106 JN642136 AY090454 AB219429 HE974378
ERS3636096 KJ173379 EU522071 AP011108 JN642149 AY090457 AB033555 KJ470898
ERS3636097 KJ173401 EU670263 AB048702 JN642159 AB059659 AB073835 KJ470896
ERS3636098 KJ410502 EU796069 AB188243 JN664913 AB059660 AB287316 GQ922005
ERS3636099 KJ790200 EU939539 AB210818 JN664919 AB486012 AB287318 KJ470893
ERS3636100 KJ803795 EU939568 AM494716 JN664920 AF222323 AB287320 FJ904436
ERS3636101 KJ803796 EU939597 AY796031 JN664921 FM209516 DQ463789 FJ904430
AB116084 KJ803805 FJ386601 AY902768 JN664922 AJ131567 DQ463792 X75664
AB453988 KJ803808 FJ386626 DQ315779 JN664931 AY781180 AB287321 X75657
AB076679 KJ803817 FJ386644 GQ205377 JN664932 EU155824 KC774243 AB106564
AY738142 KJ803820 FJ787452 GQ205378 JN664936 U46935 JQ040132 EU155829
GQ477499 KM875420 FJ899767 GQ205384 JN688683 AB032432 JQ040167 FJ798098
AY934764 KP148414 FJ899783 GQ205389 JN688695 AB823658 JQ429078 AF193863
FJ692556 KP148452 GQ358157 KC875319 JN688712 AB823659 JQ801498 AJ131571
FJ692598 KP148582 GQ358158 KP322600 JN688713 AB823660 JX507211 AY330911
FJ692611 KP406278 GQ377586 KP322602 JN792912 AB823661 JX870000 ERR2299806
GQ161813 KP659249 GQ377632 KP322603 JQ707529 AB823662 KC774180 ERR2299807
GQ331046 KP659250 GQ475321 X80925 JQ707699 AF193864 KC774196 ERR2299808
GQ331047 KU964274 GQ924642 AB119255 JX470760 AF222322 KC774214 LT992438
DQ993686 KU964383 GQ924643 AB188241 KC774444 AF242586 KC774226 LT992439
KP341007 KX276770 HM011479 AB270541 KC875342 AF498266 KC774238 LT992440
AB010289 KX276772 HM011488 AB330367 KF192832 AJ131569 KC774240 LT992441
AB014366 KX276774 HM011495 AB555496 KF679990 AJ131574 KC774244 LT992442
AB031267 KX276783 HQ700456 AB555500 KJ647353 AM117396 KC774297 LT992443
AB073821 KX276785 HQ700506 AB674416 KJ647355 AY077735 KC774302 LT992444
AB073836 KX276786 HQ700516 AB674424 KJ843187 AY077736 KC774351 LT992447
AB073849 KX276787 HQ700517 AB674425 KM524338 AY330912 KC774352 LT992448
AB073853 KX276791 HQ700522 AB674427 KM524358 AY330913 KC774357 LT992454
AB100695 KX276792 HQ700564 AB674428 KM577668 AY330914 KF214670 LT992455
AB106884 KX276794 HQ700575 AF043594 KP090181 AY330915 KF214673 LT992459
AB212625 KX276795 HQ700576 AJ344116 KP168419 AY330916 KF873514
AB231909 KX276796 JF828925 AJ627218 KU668435 AY330917 KF873526
AB246340 KX276797 JN827415 AJ627220 KU736927 AY781182 KF873536
AB287315 KX276798 JN827421 AJ627222 KX357622 AY781186 KF873541
AB287323 KX276800 JQ027317 AY090452 L27106 AY781187 KF873544
AB300371 KX276806 JQ027324 DQ304548 X65258 EU155821 JQ664503
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Table A.2: List of pathogens that were detected in the oral samples. The last column indicates if a lesion could be detected by visual
inspection of the samples (neg=negative, n.e.=not evaluable, n.i.=no information, pos=positive).

Sample Genetically detected pathogen Visual Indication
Dental Caries Parodontose Parodontitis Calculus

Abusir1433t F. alocis neg NA NA neg
Abusir1504c - n.e. neg neg n.i.
Abusir1518t T. forsythia pos neg neg n.i.
Abusir1519c T. forsythia, P. Gingivalis, T. denticola, F. alocis, O. uli neg pos pos n.i.
Abusir1521t O. uli pos n.i. n.i. neg
Abusir1563t F. alocis neg pos neg n.i.
Abusir1564t O. uli neg n.i. n.i. pos
Abusir1580t T. forsythia, P. Gingivalis n.e. pos pos n.i.
Abusir1584t T. forsythia neg pos pos n.i.
Abusir1594c T. forsythia, P. Gingivalis, T. denticola, O. uli neg pos pos n.i.
Abusir1614t F. alocis, O. uli n.e. pos n.e. n.i.
Abusir1618t T. forsythia, P. Gingivalis pos pos pos n.i.
Abusir1627t - n.e. pos n.e. n.i.
Abusir1650t T. forsythia, P. Gingivalis, T. denticola, F. alocis pos pos neg n.i.
Abusir1655t O. uli neg n.i. n.i. pos
Abusir1660t F. alocis pos pos neg pos
Abusir1668t - n.e. n.e. n.e. n.i.
Abusir3533t - neg n.i. n.i neg
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Table A.3: Metagenomic composition of all six P328 and six non-template libraries on different levels (domain, order, species).

Samples Blanks
P328 P328a P328b P328c P328d P328e Lon_EB1 Lon_EB3 Lon_EB5 Lon_LB1 Lon_LB2 P328_LB

Level: Domain
Bacteria 42.34% 43.58% 51.22% 43.61% 43.90% 48.17% 98.67% 99.68% 0.68% 99.42% 93.11% 99.84%
Archaea 0.29% 0.85% 0.69% 0.93% 0.79% 0.98% 0.04% 0.06% 0.13% 0.00% 0.00% 0.00%
Viruses 57.37% 55.57% 48.09% 55.46% 55.31% 50.84% 1.28% 0.26% 99.19% 0.58% 6.89% 0.15%
Level: Order
Pseudomonadales 5.25% 5.08% 5.23% 4.86% 4.77% 5.25% 16.74% 25.00% 0.12% 92.43% 79.40% 46.61%
Caudovirales 0.93% 0.93% 0.61% 1.01% 0.78% 1.05% 0.26% 0.18% 98.07% 0.30% 6.35% 0.04%
Burkholderiales 10.61% 4.49% 5.06% 4.44% 4.24% 4.05% 32.50% 28.34% 0.50% 1.79% 2.67% 3.13%
Picornavirales 11.93% 13.63% 13.38% 14.04% 14.15% 12.26% 0.03% 0.01% 0.00% 0.04% 0.00% 0.09%
Clostridiales 0.26% 0.61% 13.71% 0.68% 3.84% 0.84% 0.13% 0.14% 0.04% 0.03% 0.17% 46.61%
Poxviridae 24.38% 8.14% 7.81% 8.71% 7.57% 6.85% 0.06% 0.04% 0.00% 0.05% 0.06% 0.00%
Rhizobiales 5.48% 2.30% 2.24% 2.25% 2.15% 2.06% 15.67% 14.32% 0.29% 2.08% 5.80% 1.33%
Thermoanaerobacterales 1.17% 10.73% 7.75% 10.67% 9.67% 13.19% 0.00% 0.04% 0.01% 0.00% 0.00% 0.07%
Potyviridae 2.56% 7.79% 5.85% 5.73% 8.13% 7.76% 0.00% 0.00% 0.00% 0.00% 0.00% 0.02%
Partitiviridae 8.27% 6.25% 3.97% 7.58% 5.45% 5.86% 0.05% 0.04% 0.01% 0.04% 0.18% 0.12%
Enterobacterales 1.80% 4.05% 2.86% 3.82% 3.66% 4.86% 0.63% 0.81% 0.01% 0.29% 0.32% 0.16%
Togaviridae 1.89% 4.38% 4.02% 4.23% 4.26% 3.51% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00%
Nitrosomonadales 2.03% 0.85% 0.86% 0.87% 0.78% 0.82% 5.56% 5.02% 0.09% 0.10% 0.09% 0.03%
Bacillales 0.67% 2.74% 2.57% 2.89% 2.72% 3.01% 0.22% 0.26% 0.01% 0.13% 0.40% 0.06%
Flavobacteriales 1.81% 1.07% 0.92% 0.84% 0.91% 0.95% 4.29% 3.21% 0.12% 0.05% 0.19% 0.04%
Sphingomonadales 1.42% 0.74% 0.71% 0.71% 0.71% 0.68% 4.20% 3.88% 0.07% 0.26% 0.41% 0.22%
Flaviviridae 1.42% 2.08% 1.71% 2.19% 2.15% 2.25% 0.00% 0.00% 0.00% 0.00% 0.00% 0.05%
Cytophagales 1.20% 0.68% 0.57% 0.61% 0.57% 0.51% 3.45% 2.64% 0.04% 0.02% 0.00% 0.02%
ssRNA viruses 0.82% 1.41% 1.59% 1.68% 1.52% 1.43% 0.95% 0.04% 0.05% 0.13% 0.32% 0.03%
Micrococcales 0.81% 0.53% 0.46% 0.50% 0.50% 0.54% 2.62% 2.56% 0.08% 0.37% 0.52% 0.11%
Nidovirales 0.74% 1.53% 1.48% 1.83% 1.67% 1.65% 0.00% 0.00% 0.00% 0.00% 0.00% 0.01%
Spirochaetales 0.21% 1.61% 1.11% 1.70% 1.42% 2.10% 0.01% 0.02% 0.00% 0.00% 0.00% 0.02%
dsRNA viruses 0.54% 1.05% 0.98% 1.10% 1.15% 1.21% 0.01% 0.01% 0.01% 0.01% 0.03% 0.02%
Astroviridae 1.39% 0.95% 0.86% 1.02% 1.00% 0.84% 0.00% 0.00% 0.00% 0.00% 0.00% 0.01%
Lactobacillales 0.63% 0.92% 0.66% 0.81% 0.82% 1.01% 0.16% 0.23% 0.00% 0.13% 0.33% 0.05%
Mycoplasmatales 0.69% 0.98% 0.74% 1.03% 0.90% 1.07% 0.00% 0.00% 0.00% 0.00% 0.00% 0.01%
unclassified viruses 0.92% 0.93% 0.73% 1.04% 0.88% 0.83% 0.00% 0.00% 0.00% 0.00% 0.00% 0.01%
Bacteroidetes Order II.
Incertae sedis 0.02% 1.04% 0.73% 0.97% 1.00% 1.38% 0.01% 0.00% 0.00% 0.00% 0.00% 0.01%

Corynebacteriales 0.63% 0.34% 0.34% 0.35% 0.37% 0.28% 0.91% 0.93% 0.02% 0.33% 0.57% 0.13%
Totiviridae 0.02% 1.17% 0.79% 0.84% 1.16% 0.98% 0.00% 0.00% 0.00% 0.00% 0.00% 0.01%
Caulobacterales 0.44% 0.22% 0.22% 0.18% 0.21% 0.20% 1.55% 1.27% 0.03% 0.20% 0.37% 0.05%
Campylobacterales 0.18% 0.65% 0.67% 0.85% 0.65% 0.73% 0.09% 0.09% 0.00% 0.00% 0.00% 0.02%
Candidatus Nanopelagicales 0.44% 0.20% 0.20% 0.18% 0.20% 0.17% 1.36% 1.10% 0.03% 0.00% 0.00% 0.00%
Propionibacteriales 0.45% 0.27% 0.28% 0.26% 0.28% 0.27% 0.46% 0.48% 0.01% 0.34% 0.63% 0.05%
Oceanospirillales 1.09% 0.47% 0.46% 0.49% 0.42% 0.39% 0.11% 0.27% 0.00% 0.00% 0.00% 0.02%
Xanthomonadales 0.25% 0.24% 0.23% 0.18% 0.21% 0.22% 0.69% 0.66% 0.02% 0.32% 0.37% 0.21%
Thermococcales 0.03% 0.60% 0.51% 0.70% 0.57% 0.75% 0.00% 0.00% 0.13% 0.00% 0.00% 0.01%
Tymovirales 0.13% 0.48% 0.60% 0.80% 0.63% 0.49% 0.00% 0.00% 0.00% 0.00% 0.00% 0.03%
Virgaviridae 0.03% 0.61% 0.48% 0.62% 0.59% 0.67% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00%
Rhodobacterales 0.27% 0.20% 0.14% 0.12% 0.16% 0.17% 0.68% 0.80% 0.01% 0.09% 0.11% 0.03%
Bromoviridae 0.03% 0.53% 0.40% 0.54% 0.54% 0.68% 0.00% 0.00% 0.00% 0.00% 0.00% 0.01%
Nostocales 0.09% 0.56% 0.33% 0.55% 0.51% 0.63% 0.03% 0.04% 0.00% 0.00% 0.00% 0.00%
Hypoviridae 0.39% 0.46% 0.40% 0.46% 0.48% 0.41% 0.00% 0.01% 0.00% 0.00% 0.00% 0.02%
Rhodocyclales 0.27% 0.19% 0.15% 0.16% 0.15% 0.14% 0.58% 0.65% 0.03% 0.03% 0.00% 0.03%
Herpesvirales 0.26% 0.41% 0.39% 0.49% 0.42% 0.28% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00%
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Rhodospirillales 0.20% 0.19% 0.15% 0.16% 0.18% 0.19% 0.36% 0.45% 0.02% 0.03% 0.10% 0.04%
Neisseriales 0.29% 0.17% 0.15% 0.16% 0.20% 0.16% 0.34% 0.34% 0.02% 0.03% 0.00% 0.03%
Phycodnaviridae 0.03% 0.29% 0.28% 0.54% 0.27% 0.31% 0.01% 0.01% 0.00% 0.00% 0.00% 0.00%
Cellvibrionales 0.20% 0.12% 0.09% 0.10% 0.09% 0.09% 0.45% 0.60% 0.01% 0.00% 0.00% 0.00%
unclassified DNA viruses 0.55% 0.22% 0.20% 0.23% 0.20% 0.20% 0.00% 0.02% 0.00% 0.00% 0.00% 0.00%
Level: Species (top 50)
Dasheen mosaic virus 3.51% 9.05% 9.70% 6.59% 6.95% 9.39% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00%
Gentian mosaic virus 9.71% 5.90% 7.45% 6.37% 7.47% 7.03% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00%
Laceyella sp. FBKL4.010 0.36% 6.67% 4.23% 6.20% 4.34% 4.77% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00%
Variola virus 17.42% 2.48% 2.87% 3.20% 2.88% 3.04% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00%
Clostridium botulinum 0.13% 0.73% 4.43% 0.61% 16.36% 0.53% 0.02% 0.02% 0.00% 57.64% 0.00% 0.00%
Rhizoctonia solani
dsRNA virus 3 13.81% 2.70% 2.56% 5.11% 1.93% 2.98% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00%

Thermoanaerobacter
wiegelii 1.49% 4.44% 3.52% 3.42% 2.67% 4.24% 0.00% 0.00% 0.00% 0.01% 0.00% 0.00%

Myrmica scabrinodis
virus 1 2.89% 1.99% 2.43% 2.34% 2.87% 2.52% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00%

Whataroa virus 1.13% 1.98% 2.67% 2.35% 2.52% 2.77% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00%
Heterobasidion
partitivirus 7 2.89% 2.40% 2.28% 2.02% 1.63% 2.80% 0.00% 0.00% 0.00% 0.01% 0.02% 0.00%

Salivirus FHB 9.04% 1.18% 1.62% 1.52% 1.46% 1.59% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00%
Salmonella enterica 0.15% 2.96% 2.12% 2.31% 1.48% 2.51% 0.02% 0.02% 0.00% 0.00% 0.00% 0.00%
Pseudomonas sp. NC02 3.53% 1.58% 1.47% 1.56% 1.65% 1.61% 6.41% 10.68% 0.02% 16.88% 41.77% 34.37%
Pseudomonas fluorescens 3.17% 1.69% 1.50% 1.47% 1.63% 1.59% 6.39% 10.30% 0.03% 16.80% 39.43% 33.93%
Thermoanaerobacterium
thermosaccharolyticum 0.05% 2.60% 1.65% 1.68% 1.26% 1.84% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00%

Borrelia duttonii 0.23% 2.34% 1.58% 1.85% 1.24% 1.82% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00%
Bacillus licheniformis 0.05% 1.92% 1.40% 1.47% 1.12% 1.55% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00%
Hepacivirus C 1.70% 1.36% 1.29% 1.49% 1.05% 1.26% 0.00% 0.00% 0.00% 0.03% 0.00% 0.00%
Caldicellulosiruptor bescii 0.05% 1.61% 1.43% 1.42% 1.18% 1.40% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00%
Lasius neglectus virus 1 1.88% 0.87% 1.16% 1.70% 0.91% 1.22% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00%
Acidovorax sp. KKS102 4.82% 0.75% 0.80% 0.89% 0.83% 0.89% 9.17% 8.05% 0.03% 0.03% 0.00% 0.00%
Bacillus megaterium 0.49% 1.02% 1.28% 1.47% 1.36% 1.14% 0.00% 0.00% 0.00% 0.01% 0.00% 0.00%
Escherichia coli 0.39% 1.69% 1.14% 1.15% 0.95% 1.33% 0.05% 0.05% 0.00% 0.03% 0.09% 0.21%
Aspergillus foetidus
dsRNA mycovirus 0.82% 1.23% 1.21% 1.04% 1.03% 1.14% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00%

Jingmen tick virus 1.49% 1.18% 1.17% 0.90% 0.87% 1.14% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00%
Rhodothermus marinus 0.05% 1.62% 1.18% 1.11% 0.86% 1.25% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00%
Piscine myocarditis-like
virus 0.05% 1.15% 1.40% 0.97% 0.97% 1.43% 0.00% 0.00% 0.00% 0.01% 0.00% 0.00%

Diabrotica virgifera
virgifera virus 2 2.01% 0.73% 0.88% 0.95% 0.71% 0.89% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00%

Methylotenera versatilis 3.30% 0.61% 0.60% 0.70% 0.69% 0.68% 5.47% 4.97% 0.03% 0.00% 0.09% 0.13%
Caldanaerobacter
subterraneus 0.21% 1.16% 0.87% 1.04% 0.68% 0.98% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00%

Marine RNA virus JP-B 0.05% 1.27% 0.94% 0.95% 0.64% 1.01% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00%
Caldicellulosiruptor
obsidiansis 0.13% 1.07% 0.86% 0.89% 0.63% 0.89% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00%

Mycoplasma
hyopneumoniae 0.72% 0.91% 0.76% 0.89% 0.61% 0.82% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00%

Bacillus phage Stitch 0.05% 1.12% 0.83% 0.77% 0.58% 0.98% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00%
White bream virus 0.70% 0.75% 0.84% 0.86% 0.73% 0.75% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00%
Cytophaga hutchinsonii 2.42% 0.44% 0.50% 0.57% 0.54% 0.54% 4.13% 3.14% 0.02% 0.00% 0.00% 0.00%
Thermococcus
chitonophagus 0.08% 0.89% 0.68% 0.81% 0.61% 0.73% 0.00% 0.00% 0.13% 0.00% 0.00% 0.00%
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Candidatus Portiera
aleyrodidarum 2.34% 0.39% 0.44% 0.51% 0.49% 0.49% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00%

Cadicivirus A 0.98% 0.62% 0.60% 0.63% 0.57% 0.61% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00%
Lactobacillus sakei 0.03% 0.93% 0.67% 0.65% 0.52% 0.75% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00%
Dill cryptic virus 1 1.00% 0.62% 0.54% 0.45% 0.34% 0.68% 0.00% 0.00% 0.00% 0.01% 0.00% 0.00%
Campylobacter hominis 0.10% 0.62% 0.58% 0.67% 0.53% 0.62% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00%
Canine kobuvirus 0.21% 0.68% 0.58% 0.63% 0.44% 0.62% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00%
Mamastrovirus 3 1.16% 0.46% 0.53% 0.53% 0.42% 0.49% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00%
Broad bean mottle virus 0.00% 0.75% 0.58% 0.57% 0.44% 0.58% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00%
Southern elephant
seal virus 0.18% 0.48% 0.53% 0.77% 0.42% 0.61% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00%

Mink coronavirus 1 0.10% 0.62% 0.52% 0.68% 0.46% 0.51% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00%
Ndumu virus 0.72% 0.46% 0.56% 0.47% 0.41% 0.53% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00%
Nostocales cyanobacterium
HT-58-2 0.03% 0.68% 0.54% 0.57% 0.35% 0.60% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00%

Hibiscus latent
Singapore virus 0.03% 0.62% 0.49% 0.46% 0.37% 0.55% 0.00% 0.00% 0.00% 0.00% 0.00% 0.00%
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A.2. Supplementary Tables

Table A.4: HaploGrep2 [164] results of all complete modern mitochondrial genomes
used for the evaluation of mitoBench. The table shows the accession ID of the
sample, and the comparison of the published and the mitoBench result.

Accession ID HG mitoBench HG published
JN214449 L2a1a2 L2a1a2
JN214450 3d1b1a 3d1b1a
JN214459 3d1b1a 3d1b1a
JN214460 1b1a16 1b1a16
KF146264 W1c W1c
KF146293 W W
MN687107 H H
MN687108 U1a1a U1a1a
MN687109 X2d1 X2d1
MN687110 U5a1 U5a1
MN687111 U5b2b4a U5b2b4a
MN687112 H H
MN687113 K2a9 K2a9
MN687114 H94 H94
MN687115 K1a19 K1a19
MN687116 X2b+226 X2b+226
MN687117 H1h1 H1h1
MN687118 H1 H1
MN687119 N1b1a N1b1a
MN687120 H2b H2b
MN687121 R0a2n R0a2n
MN687122 H5m H5m
MN687123 H15b1 H15b1
MN687124 H10a1 H10a1
MN687125 V1a1 V1a1
MN687126 H1+16189 H1+16189
MN687127 X2i+@225 X2i+@225
MN687128 T2b T2b
MN687129 H61 H61
MN687130 H3 H3
MN687131 H5a1 H5a1
MN687132 H1a4 H1a4
MN687133 U3b2a1 U3b2a1
MN687134 H1e1b1 H1e1b1
MN687135 K1b1a1 K1b1a1
MN687136 H536 H5’36
MN687137 U5b1+16189+@16192 U5b1+16189+@16192
MN687138 U5b1+16189+@16192 U5b1+16189+@16192
MN687139 J2a1a1a J2a1a1
MN687140 H81 H81
MN687141 J1b2 J1b2
MN687142 T2b4a1 T2b4a1
MN687143 K1b1+(16093) K1b1+ (16093)
MN687144 HV4 HV4
MN687145 J1c3d J1c3d
MN687146 H13a2b3 H13a2b3
MN687147 T2 T2
MN687148 H1 H1
MN687149 R0a1+152 R0a1+152
MN687150 J1c3d J1c3d
MN687151 H1bz H1bz
MN687152 H7b1 H7b1
MN687153 J1c3d J1c3d
MN687154 U5a1f1 U5a1f1
MN687155 U5a1f1 U5a1f1
MN687156 J1c3d J1c3d
MN687157 U5a1a1 U5a1a1
MN687158 H1e4 H1e4
MN687159 H+16291 H+16291
MN687160 T1b4 T1b4
MN687161 X2i+@225 X2i+@225
MN687162 U3b2b U3b2b
MN687163 W6 W6
MN687164 K1b1 K1b1
MN687165 J2a1a1a J2a1a1
MN687166 T2e T2e
MN687167 J1c3d J1c3d
MN687168 J1c2 J1c2
MN687169 U4a1b1 U4a1b1
MN687170 H1ak H1ak
MN687171 J1c3+189 J1c3+189
MN687175 T2+16189 T2+16189
MN687176 H1 H1
MN687177 H1q3 H1q3
MN687178 H H
MN687188 H1a H1a
MN687190 H4a1c H4a1c
MN687191 H1c H1c
MN687192 H13a1a2 H13a1a2
MN687193 H3 H3
MN687194 T2+16189 T2+16189
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MN687195 X2 X2
MN687196 H44b H44b
MN687197 H+16129 H+16129
MN687198 H2a2a H2a2a
MN687199 U3b U3b
MN687200 U3b U3b
MN687201 U7 U7
MN687202 T2e T2e
MN687203 HV HV
MN687204 U5b1f1a U5b1f1a
MN687205 X2d1 X2d1
MN687206 H9a H9a
MN687207 U1a1a U1a1a
MN687208 H66 H66
MN687209 H2a3 H2a3
MN687210 H H
MN687211 N1a3a N1a3a
MN687212 N1b1a N1b1a
MN687213 U5a1g U5a1g
MN687214 H+195 H+195
MN687215 H H
MN687216 H1e1 H1e1
MN687217 H13 H13
MN687218 J1c3 J1c3
MN687219 X2 X2
MN687220 X2 X2
MN687221 HV+16311 HV+16311
MN687222 T2c1a T2c1a
MN687223 K1a K1a
MN687224 J1c3 J1c3
MN687225 W6 W6
MN687226 U3b U3b2
MN687227 W6 W6
MN687228 H1c H1c
MN687229 H1b1g H1b1g
MN687231 H3ap H3ap
MN687232 T2a1b T2a1b
MN687233 H1+16311 H1+16311
MN687234 J1c4 J1c4
MN687235 T1b T1b
MN687236 U2e123 U2e1’2’3
MN687237 W+194 W+194
MN687238 U4b1a2a U4b1a2a
MN687239 H1+16189 H1+16189
MN687240 U5b2a2a1 U5b2a2a1
MN687241 U5a1 U5a1
MN687242 H1au H1au
MN687243 J1c J1c
MN687244 J2b1c J2b1c
MN687245 U4b1a1a1 U4b1a1a1
MN687246 V1a V1a
MN687247 X2 X2
MN687248 H+152 H+152
MN687249 H H
MN687250 U7b U7b
MN687251 J2a1a1a J2a1a1
MN687252 U5a1b1 U5a1b1
MN687253 J1c2q J1c2q
MN687254 J1c15 J1c15
MN687255 J1c3d J1c3d
MN687256 J1c5 J1c5
MN687257 H7a1 H7a1
MN687258 H61 H61
MN687260 H5a2 H5a2
MN687262 K1a4f K1a4f
MN687263 W4 W4
MN687264 K1a K1a
MN687265 T2c1a T2c1a
MN687266 U4c1 U4c1
MN687267 H H
MN687268 T2b T2b
MN687269 H12a H12a
MN687270 K1a4a K1a4a
MN687271 W3a1 W3a1
MN687272 K1a4j1 K1a4j1
MN687273 J2b1a1 J2b1a1
MN687274 U8b1b1 U8b1b1
MN687275 H13 H13
MN687276 H1aj H1aj
MN687277 J1c3 J1c3
MN687278 D4j12 D4j12
MN687279 H18 H18
MN687280 H4a1a H4a1a
MN687281 J1d1b1 J1d1b1
MN687282 H1b1 H1b1
MN687284 H5b H5b
MN687285 H11a2 H11a2
MN687286 W6 W6
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MN687287 H4a1a H4a1a
MN687288 K1b1a1 K1b1a1
MN687289 H7a1a H7a1a
MN687290 J2a2a2 J2a2a2
MN687291 HV0+195 HV0+195
MN687292 K1a2a K1a2a
MN687293 U5b1e1 U5b1e1
MN687294 H4a1a1a H4a1a1a
MN687295 H1ak H1ak
MN687296 2c 2c
MN687297 N1b1a2 N1b1a2
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