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Abstract 

 
 

Research in bacterial pathogen genomics has witnessed significant advancements in sequencing 

technologies. In the realm of bacterial genomics, our work addresses both bioinformatic chal-

lenges, as well as cost and labour constraints, associated with the use of novel long-read se-

quencing technologies within three different projects. 

 

First, introducing Ultraplexing, we present a method that substantially reduces per-sample se-

quencing costs and hands-on time in Nanopore sequencing for hybrid assembly. Ultraplexing 

eliminates the need for molecular barcoding bs bioinformatically determining which specific 

sequenced isolate a long-read belongs to; this is done by comparing each long-read to the k-

mer spectrum of the sequenced isolates, measured using Illumina data. This method holds 

promise for large-scale bacterial genome projects that utilize hybrid assembly strategies, ena-

bling considerable savings without compromising assembly quality. These advantages are en-

abled by the possibility to multiplex at least 100 isolates together, representing roughly fourfold 

increase of isolates possible at the time of publication, thus also reducing hands-on time in the 

lab by a factor of four. 

 

Second, shifting focus to the hospital associated pathogen Acinetobacter baumannii, we inves-

tigate genome plasticity and horizontal gene transfer mechanisms in the context of transmission 

of colistin resistance elements. Through short- and long-read sequencing and creation of hybrid 

assemblies, we identify two probable recombination events in the pmrCAB operon, which con-

fers colistin resistance. Our findings highlight the role of homologous recombination and shed 

light on the possible contribution of mobile genetic elements to this phenomenon in A. bau-

mannii. This study contributes to the understanding of antibiotic resistance dynamics in clinical 

isolates of A. baumannii, specifically those belonging to International Clone 7. 

 

Third, expanding the scope to genomic pathogen surveillance in healthcare facilities, we intro-

duce NanoCore, a user-friendly method developed for Nanopore-based outbreak surveillance 

and investigation. NanoCore enables the determination and visualization of cgMLST-like sam-

ple distances directly from raw Nanopore reads by mapping Nanopore data to a core genome 

reference, variant-calling and calculating distances from the results, thus offering a fast and 

flexible solution. Validated on methicillin-resistant Staphylococcus aureus (MRSA) and van-

comycin-resistant Enterococcus faecium (VRE) datasets, NanoCore demonstrates high accu-

racy, producing results quasi-identical to those of current gold-standard tools with an average 
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difference of 0.75 alleles for MRSA and 0.81 alleles for VRE in Nanopore-only-mode and 3.44 

and 1.95 alleles respectively in hybrid-mode (measured in closely related isolates). The com-

putational efficiency, open-source availability, and user-friendly installation via bioconda make 

NanoCore a valuable tool for effective bacterial pathogen surveillance in healthcare settings. 

 

In conclusion, the work presented in this thesis spans the development of methods for hybrid 

genome assembly, long-read-based genomic surveillance and the investigation of the transmis-

sion of antibiotic resistance elements. The presented work demonstrates the potential of com-

bining data generated by different sequencing technologies for bacterial genomics, as well as 

the potential of bioinformatics methods development for emerging sequencing technologies. 
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Chapter 1: Introduction 
 

 

DNA sequencing, the determination of genomic information, originated in 1977 with the introduction 

of Sanger sequencing by Frederick Sanger and colleagues (1). Subsequently, diverse sequencing meth-

ods, such as Illumina (2), Pacific Bioscience (3) and Oxford Nanopore (4) have been developed and 

refined up to the present day. Each method possesses unique advantages and disadvantages, encompass-

ing factors like speed, costs, fragment length, and method complexity (5). While at first sequencing was 

limited by both sequencing costs and the length of the sequencable fragments, technological advance-

ments of methods and sequencers permitted the efficient sequencing of whole genomes and large num-

bers of isolates (6). 

Precise knowledge of an organism's genome enables the classification of carried genes, identification of 

other genomic motifs and pinpointing single nucleotide polymorphisms. Furthermore, the availability 

of high-quality sequencing data or a resolved genome is an important requisite for many bioinformatical 

applications such as algorithms for base-calling, mapping, assembling or variant-calling (7,8). Today, it 

is common practice in research or hospital settings to search for resistance genes based on specific se-

quences or analyse potential outbreaks using genomic similarities (9,10), enabling for example applica-

tions like epidemiology characterizations and outbreak investigations (11). Progress in genomics also 

established novel fields, like genome-based personalized healthcare (12). 

Bacterial genomes, particularly significant in these contexts, are often carriers of clinically relevant dis-

eases affecting patient treatment, which become even more problematic, if said genomes also contain 

resistance genes (13–15). Consequently, it is crucial to interrogate bacterial genomes to our fullest ca-

pacity. 

Despite their apparent simplicity compared to eukaryotic DNA, bacterial genomes, clinically speaking, 

have great potential to negatively influence patient treatment. They for example normally have shorter 

genomes (1 to 10 mb compared to 3 to 5.000 mb), a smaller gene number (below 10.000 compared to 

often above 10.000) and shorter intergenic regions (below 100 bp compared to often above 100 kb) (16). 

However, despite seeming easier to analyse, bioinformatically speaking, the unravelling of bacterial 

genomes can be fairly intricate, due to genomic complexities like repeats or gene duplications. 

Within this dissertation two central topics tare addressed: First, the comprehensive cost-effective reso-

lution and assembly of large numbers of bacterial genomes; second, the application and development of 

methods for analysing bacterial genome sequencing data with respect to tracking infection chains and 

the spread of antibiotic resistance elements. 

Given that both inquiries are profoundly influenced by high-throughput sequencing developments, the 

scope of recent changes in sequencing technologies will be given particular consideration. 

This dissertation makes significant contributions by enhancing existing methods or introducing novel 

applications through the synergistic use of short-read and long-read sequencing methods (Illumina and 

Oxford Nanopore Technologies) in diverse hybrid approaches: 



 

 

Chapter 1: Introduction 

15 

In the first publication titled “Ultraplexing: Increasing the efficiency of long-read sequencing for hybrid 

assembly with k-mer-based multiplexing” (17), we aimed at a solution for cost-efficient sequencing 

despite the constraints imposed by the limited number of barcodes available for Nanopore sequencing. 

Thus, a novel method was developed to enable barcode-less pooling of isolates for Nanopore sequencing. 

For the assignment of sequencing data to corresponding samples this method utilizes k-mer statistics 

based on inter-sample genetic variability of the produced reads in comparison to barcoded Illumina 

sequencing data. This increases the number of isolates that can be sequenced together on the Nanopore 

platform at least by a factor of 4 of what would be possible with barcodes, thereby improving sequencing 

speed and decreasing sequencing costs. 

The second publication “pmrCAB Recombination Events among Colistin-Susceptible and -Resistant 

Acinetobacter baumannii Clinical Isolates Belonging to International Clone 7” (18), elucidates the 

genomic structure of A. baumannii isolates, particularly around the pmrCAB operon which plays an 

important role in the acquisition of colistin resistance. This was achieved by combining Illumina short-

read and Oxford Nanopore Technologies long-read sequencing data in a hybrid assembly to create fully 

resolved genomes instead of highly fragmented genomes on Illumina basis alone and by the calculation 

of k-mer statistics for said assemblies, thus enabling the detailed analysis of said operon and the 

surrounding genomic region to identify possible recombination events. 

In a third yet unpublished manuscript titled “NanoCore: Core-genome-based bacterial genomic 

surveillance and outbreak detection in healthcare facilities from Nanopore and Illumina data”, a novel 

method is introduced to enable whole-genome Nanopore-based outbreak investigations and expedite 

them in comparison to established whole genome cgMLST methods, which are solely Illumina-based. 

Utilizing the speed and improved error rate of present-day Oxford Nanopore sequencing, this open-

source method provides a faster alternative to established Illumina-based gold-standard methods, while 

retaining a similar level of accuracy, and a more accurate alternative to existing Nanopore-based 

methods, which are limited to an analysis of small sets of housekeeping genes. 

 

These projects were undertaken to address technical limitations of the Nanopore sequencing technology 

and to enable and demonstrate the utilization of Nanopore sequencing for novel applications. 

Initially, our focus was on addressing a significant and surmountable issue related to the limited availa-

bility of barcodes for standard Oxford Nanopore Technologies sequencing (19), thereby targeting a con-

cern inherent to the sequencing process itself. Given that multiplexing numerous samples with Illumina 

sequencing poses no challenges due to the availability of a sufficient number of barcodes (e.g. 386 bar-

codes for a standard NexteraXT library), we leveraged small sequence difference between isolates, 

measured using the Illumina technology, to determine which sample a long-read belongs to. 

Subsequently, our aim was to determine sequence homologies and potential recombination events. For 

this purpose, we processed the generated sequencing data into fully resolved assemblies, which high-

lights the capabilities of Nanopore sequencing in a use-case situated in the initial phase following se-
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quencing. Assemblies based solely on Illumina data often suffer from pronounced fragmentation, mak-

ing it challenging to resolve repetitive regions or establish the gene order (20,21). To overcome this 

limitation, we conducted comprehensive assemblies using both Illumina and Nanopore data. This ap-

proach demonstrated the feasibility of uncovering regions of horizontal gene transfer in crucial re-

sistance genes. These identified regions could potentially contribute to the transmission of resistances 

to susceptible strains. 

Our final objective centered on exploring the potential of Nanopore long-reads for conducting outbreak 

investigations, in comparison to established Illumina-based methods, an application involving several 

steps (or consecutively applied tools) beyond sequencing. This has been attempted in various approaches, 

each with its own limitations. The inherent difficulty lied in the higher error rate of Nanopore compared 

to Illumina sequencing (22,23). However, with the improved performance (for example read accuracy, 

read length and number of InDels) of present-day Oxford Nanopore technology (24), we achieved results 

on both Nanopore and Illumina basis that closely resemble those obtained using the established cgMLST 

method Ridom SeqSphere+ (10), which compares Illumina data to a core genome, while reducing the 

time required for that analysis.  
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Chapter 2: Background 
 

 

The upcoming chapter delves into various biological and bioinformatic subjects and mechanisms essen-

tial for comprehending the projects elucidated in this thesis. 

 

2.1 The structure of bacterial genomes 
 
DNA, the carrier of the genetic information in all living beings, consists of four nucleotide bases: ade-

nine, cytosine, guanine, and thymine (Figure 2.1 A). These bases form specific sequences known as 

genes, translating into distinct amino acid chains crucial for the functioning of every organism (25). In 

contrast to human DNA, comprising approximately 6.3 gigabases distributed across 23 pairs of chro-

mosomes in the form of diploid double-stranded helixes (Figure 2.1 B) (16,26), bacterial genomes are 

normally characterized by a single chromosome. This haploid double-stranded helix is often arranged 

in a circular structure, with sizes ranging from approximately 0.6 to 8.0 megabases (Figure 2.1 C). Ad-

ditionally, bacteria frequently harbour one or multiple plasmids – circular, extrachromosomal DNA mol-

ecules. These plasmids typically vary in size from a few kilobases to several hundred kilobases and often 

carry genes providing a selective advantage to the organism, such as antibiotic resistances (27). 

 

2.1.1 Small scale variation in bacterial genomes 

Another important term in the field of bacterial genomes is nucleotide mutation: Errors that occur during 

the DNA replication of organisms (40). Various types of mutations exist, including single nucleotide 

polymorphisms (alteration of only one base), insertions and deletions of nucleotides, as well as the cop-

ying or relocation of sequence elements to alternative positions (41,42). Such variations can contribute 

to diseases or enhance the genetic diversity of a species (43). In the context of this thesis “small varia-

tions” can also be used to investigate the relatedness of closely-related isolates of the same species. 

 

2.1.2 Variation in gene content and mechanisms of gene transfer 

The pangenome, encompassing the entirety of all genes in a bacterial organism, is divided into two 

primary components: the core genome and the accessory genome. The core genome comprises genes 

that are essential for metabolism and are present in all strains of a particular species. In contrast, the 

accessory genome consists of genes that are absent in at least one of the known strains of that species. 

(28,29). The composition of the core and accessory genomes exhibits considerable variation not only 

between different species (Table 1) but also within a given species. 
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information were developed, each exhibiting distinct advantages and areas of application (5). Generally, 

sequencing methods aim to identify the sequence of nucleotide bases within DNA and transform it into 

a machine-readable format, known as reads, which can be subjected to further processing through vari-

ous methodologies. Before the sequencing process commences, DNA must undergo preparatory steps 

in the laboratory (47). This typically involves cultivating bacterial isolates overnight, extracting DNA 

from the cultured isolates, and adjusting the DNA concentration to adhere to the specifications of the 

desired sequencing protocol. 

Sequencing can be conducted either on a single-isolate basis (48), where each isolate is individually 

cultivated and then sequenced individually; using barcodes in combination with other isolates, which is 

called multiplexing; or on a metagenomic basis (49), where a potentially diverse pool of organisms 

present in a particular community is sequenced collectively without prior sorting. 

 

2.2.1 Gold-standard sequencing methods 

Currently applied sequencing methodologies include Illumina (2), Pacific Biosciences (3) and Oxford 

Nanopore Technologies (4). 

Illumina, developed in 1994 by Bruno Canard and Simon Sarfati (2) stands out as a leading short-read 

sequencing technique that has rapidly become a dominant force in the field, exhibiting a wide range of 

applications. Its primary strength lies in its high basecalling accuracy, exceeding 99.9% (50). This prop-

erty ensures tasks such as genotyping and variant-calling can be performed with a high degree of confi-

dence. However, the method's limitation arises from the short fragment length, often resulting in frag-

mented genome assemblies when carrying out de novo assembly (21). 

Briefly, the Illumina sequencing process (Figure 2.2) involves fragmenting the DNA, attaching adapters 

to the fragments, and loading the adapter-fragment pairs onto a flow cell. Subsequently, the fragments 

undergo multiple rounds of duplication through bridge amplification PCR. Modified fluorescent nucle-

otides are then attached to the fragments by a DNA polymerase. Following each polymerase step, a 

photograph is captured, with the added nucleotide identified by its unique wavelength. 

Figure adapted from (51). 

 

Oxford Nanopore Technologies (ONT) is a long-read sequencing technique conceptualized by David 

Figure 2.2: Illumina Sequencing. The basic steps of the Illumina sequencing workflow from the frag-
mentation of the DNA to the identification of the attached nucleotides. 
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Deamer in 1989 (52). Its practical implementation came to fruition in 2005 when Gordon Sanghera, 

Spike Willcocks, and Hagan Bayley founded Oxford Nanopore. Notable advantages of ONT include a 

rapid data generation and the capability to sequence long fragments of DNA (53). These attributes make 

tasks such as whole-genome assembly or the non-fragmented sequencing of larger sequences for 

applications such as the resolution of repeat-rich regions more manageable or possible at all, compared 

to short-read methods. However, an early challenge was the high error rate associated with Nanopore 

sequencing, particularly affecting tasks like genotyping that are susceptible to sequencing errors. 

Substantial progress has been achieved in this area in recent years. Although the current basecalling 

accuracy exceeds 99%, it still falls slightly behind that of Illumina sequencing. Nevertheless, ONT can 

now produce results comparable to Illumina-based methods (24,54). 

In essence, the ONT sequencing process (Figure 2.3) involves fragmenting the DNA and attaching 

adapters to the fragments. A motor protein is then affixed to a fragment, guiding it towards and through 

a nanopore. As each nucleotide passes through the pore, the current within the pore undergoes changes, 

and the passing nucleotide is identified by its unique current alteration. 

Figure adapted from (51). 
 

Pacific Biosciences, commonly known as PacBio, stands as another long-read sequencing technique that 

was introduced for commercial use in 2010 by the biotechnology company bearing the same name. 

PacBio has both advantages and disadvantages similar to those of ONT (55). However, this method is 

not further described here, as it was not employed in any of the projects detailed in this dissertation. 

 

2.2.1.1 Multiplexing 

For cost-effective sequencing and efficient utilization of sequencing throughput, a procedure called 

multiplexing is normally applied to each of the above describes sequencing methods. 

For this purpose, a barcode, a sample-specific identifiable fragment of DNA, is attached to the DNA 

molecules of each prepared sample before the sequencing process to later identify which read belongs 

to which sample. This is comparably cost-efficient for Illumina sequencing, with e.g. 386 available 

barcodes for a standard NexteraXT library and potentially more barcodes depending on the used 

workflow and sequencing kit, but less efficient for Nanopore sequencing with its currently limited 

number of 24 to 96 barcodes. 

Figure 2.3: Nanopore Sequencing. The basic steps of the Nanopore sequencing workflow from the 
fragmentation of the DNA to the identification of the nucleotide sequence.  
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2.2.3 De Bruijn graphs and overlap graphs 

A De Bruijn graph is a directed graph that represents the relative order of sequence sub-fragments of 

length k (k-mers) as found in an input-set of sequencing reads. These graphs find applications in diverse 

tasks, including the assembly of sequencing data into genomes (60) or the assignment of reads to a 

specific dataset (17). 

Briefly, De Bruijn graphs are constructed by segmenting sequencing data or a genome into overlapping 

sequence fragments of a specific length, termed k-mers. These k-mers are then represented as nodes. An 

edge between the nodes representing k-mers x and y is added if and only if, in the input sequence, x 

starts at position j and y at j+1. When two otherwise identical sequences exhibit a polymorphism, this 

introduces a so-called bubble into the graph structure (Figure 2.5). Adding new sequences to the graph 

involves identifying identical k-mers within the existing graph and introducing new branches where the 

k-mers do not align. Assembling a genome from such a graph entails navigating the longest possible 

route through the graph along branches with the most support (61,62). Such navigation is termed an 

eulerian walk, which is defined as a walk through a connected (so called “eulerian”) graph that visits 

each edge exactly once (63). However, due to the fact that sequencing normally is imperfect, not every 

constructed de Bruijn graph is also an eulerian graph, e.g. when the graph is split into multiple parts du 

to sequencing errors or coverage issues. Thus, for the purpose of assembly the eulerian walk was 

changed into the de Bruijn superwalk (64), which contains each read as a subwalk, but is not dependent 

on fully connected graphs anymore. 

An overlap graph operates similarly, with the distinction that sequencing data is not divided into k-mers. 

Instead, each read is represented in its entirety as one node, and the edges depict overlaps between these 

nodes (61,62). In comparison to the de Bruijn graph, this method is better at resolving repeats, since it 

does not split reads into shorter k-mers, which also removes read coherency from the graph. On the other 

hand, an overlap graph takes longer to construct and needs more space. 

Figure adapted from (65). 
 

The standard output format typically generated by these sequencing data processing methods is the 

FASTA format. A FASTA file consists of two lines for each sequence, whether it represents an entire 

genome or a fraction of a genome, known as a contig. The format comprises the following: First, the “>” 

Figure 2.5: De Bruijn graph. A short depiction of a De Bruijn graph. Reads are displayed through an 
overlapping succession of k-mers. Here for “k” the length 3 is chosen. Disagreeing positions are 
presented by a forking in the succession. 
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symbol, followed by a description of the sequence; second, the raw sequence, either as nucleotides or 

amino acids. For enhanced readability, long sequences originally include line breaks after a fixed num-

ber of positions, dividing the raw sequence into more than one line. The structure of two sequence entries 

might appear as follows: 

 

>Sequence_Identifier 1 
CAACTGTATAATATGGTCAAAATATATGAGATG 
>Sequence_Identifier 2 
TTTTGAGTTAGTTTTAAGCGCATTAGTAGCGGGCGCTA 

… 

 

2.2.4 Mapping 

Mapping is the process of identifying the best sequence alignment, subject to a scoring function, between 

a query sequence (a read) and a larger reference (a genome)(66). This enables the assignment of the 

query to a specific location within the reference. Typically, the reference is obtained beforehand by 

assembling high-quality and high-coverage sequencing data into a comprehensive genome or by down-

loading a similarly processed reference genome from a database. Mapping processes use the so called 

“Seed and Extend” method (67). “Seeding” is the determination of a preferably exact match between a 

substring of the read and the genome. Different algorithms either use fixed length seeds or maximal 

exact matching seeds. “Extension” is the process of prolonging the mapped seeds on 5’ and 3’ side (and 

ideally linking multiple seeds) by finding matches between the genome and a read that contains the 

corresponding seed. In this process, mismatches and InDels are potentially accepted and assessed de-

pending on the used scoring function. Different techniques that are applied are global alignment algo-

rithms, local alignment algorithms and BLAST-like seed extension (67). 

Given that mapping tools must be able to handle a large number of nucleotide strings with varying 

lengths, efficient techniques for finding seeds have become crucial. Two common mechanisms em-

ployed for this purpose are the Burrows-Wheeler transformation and the Minimizer. The Burrows-

Wheeler transformation rearranges the bases of a read in a reversible manner, enhancing text compres-

sion efficiency and the effective search for exact matches (68). Conversely, the Minimizer transforms 

the reads and the reference into subsets of short k-mers and searches for overlaps between them, while 

preserving information about sequence contiguity, resulting in an efficient technique for finding subse-

quent exact matches (69). 

Mapping applications include scenarios such as mapping single reads onto reference genomes or core 

genes for e.g. variant calling (Figure 2.6). Various algorithms exist for diverse purposes, each handling 

nucleotide differences in its own way. 
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particularly when the assumptions of the statistical models align well with the data. However, they may 

encounter challenges when handling complex patterns or complex base contexts. 

Machine learning-based variant callers (72) employ algorithms that learn patterns from annotated train-

ing data. Consequently, these methods require a set of training data with known variant status to train 

the model. The flexibility of machine learning models enables them to adapt to a broader range of data 

patterns, which is advantageous in complex scenarios. While the accuracy of these methods heavily 

depends on the quality and representativeness of the training dataset, algorithms that use machine learn-

ing, like DeepVariant (73), currently belong to the state-of-the-art techniques of variant-calling. 

The file format generated by variant-calling methods is known as the "variant call format" (VCF). A 

VCF file comprises different sections: A meta-information part, each line beginning with "##", including 

general information about the utilized variant caller, versions, parameters, and abbreviations used within 

the file; a header line, beginning with “#”, containing the column titles for the following data; and a 

variant section, listing information about the chromosome and the exact position where the variant was 

found (one variant per line). It also details how the reference and alternative alleles appear, the quality 

of the variant call, and various values relevant for potential filtering or statistical analysis. The structure 

of two variant entries might resemble the following: 

 

##fileformat=VCFv1.1 
##fileDate=20240704 
##reference=file/path/to/ref/file.fasta 
#CHROM POS REF ALT QUAL FILTER INFO FORMAT SAMPLE 
Cont_1 550 A G 30.23 PASS F GT:AF 1/1:0.9718 
Cont_6 729 C T 27.65 PASS P GT:AF 1/1:0.9597 

… 

 

 

2.3 Selected analyses of clinical interest regarding bacterial 
genomes 

 

The bioinformatic analysis of bacterial genomes encompasses various aspects, including the already 

introduced sequencing methods and processing of sequencing data into assemblies. In this dissertation, 

two additional aspects will be addressed: the exploration of acquisition mechanisms of antibiotic 

resistances and the investigation of potential outbreaks in a clinical context. 

 

2.3.1 Acquisition of antibiotic resistances 

Resistance genes play a pivotal role in the survivability of bacteria, particularly within healthcare set-

tings (74). Understanding different mechanisms of antibiotic resistances and their acquisition is thus 

crucial for human health. Illustrative examples include the vancomycin resistance of Enterococcus fae-

cium (75) and the methicillin resistance of Staphylococcus aureus (76), both notorious and challenging 

hospital pathogens (77). Such resistance genes can be located in the chromosome or plasmids, and their 

functional mechanisms exhibit considerable variability (78). 
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The acquisition and dissemination of resistances are often facilitated by mobile genetic elements 

(MGEs), which transfer genes via horizontal gene transfer (HGT) to other organisms (refer to back-

ground 2.1). An example relevant in the context of this thesis is the pmrCAB operon of Acinetobacter 

baumannii. This operon comprises three genes, pmrC, pmrA, and pmrB, which, in colistin-resistant A. 

baumannii, underwent specific mutations. These modifications result in a higher colistin resistance. In 

brief, specific mutations in pmrA and pmrB lead to a constitutive activation of the pmrAB system, fol-

lowed by an upregulation of the entire pmrCAB operon and other operons, ultimately enhancing colistin 

resistance (79,80). 

Normally, the pmrCAB genotype is linked to the international clone group of the corresponding isolate 

(81). However, during the examination of an isolate belonging to international clone group 7(81), the 

identification of certain single nucleotide polymorphisms (SNPs) within the pmrB gene strongly sug-

gested a relatedness to a reference genome of international clone group 4. This observation led to the 

hypothesis of horizontal gene transfer, and to the questions, if recombination boundaries could be 

mapped exactly and if certain MGEs are involved in this, initiating publication number two. 

 

2.3.2 Detection and investigation of outbreaks 

An outbreak investigation involves identifying links between pathogens, potential transmission path-

ways, and assessing the relatedness of pathogens among hosts. In the modern context, where pathogens 

may become more pathogenic due to factors like accumulated resistances, a rapid and accurate analysis 

of transmission chains is of paramount importance, also for infection prevention and control measures 

(82,83). Examples are the implementation of SARS-CoV-2 sequencing to investigate health-care asso-

ciated cases (84), which helped to detect cryptic transmission events and identify opportunities to further 

reduce health-care associated infections, or the analysis of methicillin resistant Staphylococcus aureus 

on a special care baby unit (85), which uncovered transmission links within the baby unit, between 

mothers on a postnatal ward and to a staff member during periods without known infection, thus making 

it possible to prevent further infections through these pathways. Independent of the exact use-case, the 

faster an outbreak analysis is completed (while retaining high accuracy), the faster infection prevention 

measures can be implemented, resulting in reduced spread, and reducing patient harm. Important re-

quirements are thus a high quality of the processed sequencing data, leading to more accurate genetic 

distances; as well as a rapid sequencing and analysis pipeline, leading to faster results. 

With the advent of sequencing, outbreak investigations can be successfully conducted using genomic 

data, by sequencing isolates of interest and comparing their genomes, either based on raw sequencing 

data or assemblies. This involves quantification and interpretation of the similarity between isolates; one 

approach for quantifying the similarity is a phylogenetic tree, and interpretation of the tree may be based 

on a threshold of distances expected for closely related isolates. Phylogenetic trees or minimum-span-

ning-trees with clusters of closely related isolates can then be linked to information about potential 

transmission pathways, like patients on the same ward (86). Multiple methods have been developed for 

measuring the similarity of isolates in an outbreak. 
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Three established methods for this purpose are multi-locus-sequence-typing (MLST), core genome 

multi-locus-sequence-typing (cgMLST) and whole genome single-nucleotide-polymorphism (SNP) 

genotyping. 

In an MLST scheme (87) the housekeeping genes (typically around 7) of a species are compared to a 

database, and a sequence type is assigned to each analysed isolate, based on the genotype of these genes. 

Here, each gene is treated as a unit and no distinctions are made if a gene has one ore multiple SNPs. 

The advantages of this method are its speed and cost-efficiency, since only a small amount of specific 

DNA is needed. However, this method has limitations in accuracy, comparing only a small subset of 

potentially multiple thousands of genes, and requires a curated MLST database. 

A cgMLST scheme (88) on the other hand utilizes the entire core genome (usually few thousand genes) 

while treating each gene as a single unit, regardless of the number of variants found within. This ap-

proach is potentially less time- and resource-efficient than MLST, but offers a higher accuracy with 

good sensitivity, as core genes are expected to be present in all isolates of a species. Traditionally 

cgMLST analysis pipelines require a curated database, however, it is possible to construct cgMLST-like 

pipelines without a database, by skipping the assignment of specific genotypes, and instead comparing 

the pattern of detected variants. 

Lastly, a whole-genome SNP genotyping scheme (89) completely abandons the distinction between 

genic and intergenic sequences when computing pairwise sample distances, focusing solely on the pres-

ence or absence of single-nucleotide polymorphisms and their differences between compared isolates. 

While this potentially adds a higher discriminatory power, the comparison of SNP positions itself, as 

well as the analysis of the accessory genome or non-coding regions (90), without necessarily increasing 

time- or resource-consumption in comparison to the cgMLST (both need whole genome sequencing 

data), it does not consider gene boundaries, possibly leading to decreased comparability, due to the fact, 

that not all isolates, per definition, contain all accessory genes or even intergenic regions (91).  

This underscores the preference for an analysis centered on core genes to enhance comparability. There-

fore, for publication number three a cgMLST-like approach was deemed the appropriate system for 

outbreak investigations. 

Of note, genes, particularly those in the core genome, are subject to a consistent evolutionary pressure, 

so called purifying selection (92), unlike non-coding regions, where the likelihood of mutations emerg-

ing is higher.  
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3.2 Supplementary material to publication 1 
 

 

Due to their size, the supplementary tables could not be inserted here. They can be accessed from the 

original publication source (https://doi.org/10.1186/s13059-020-01974-9), or via the enclosed CD in-

stead. The supplementary figures mentioned in the publication are listed on the following pages. 

 

 

 

 
 

 

Figure S1: Read classification in a simulation experiment with ten different human 
pathogens. The figure shows the percentage of correctly classified simulated long reads 
(A) and ∆edit distance for falsely classified reads (B). Reads were assigned according to 
the Ultraplexing algorithm (Ultraplexing) and randomly (Random). 

  

https://doi.org/10.1186/s13059-020-01974-9
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Figure S2: Assembly accuracy in a simulation experiment with ten different human 
pathogens. The figure shows the distribution of contigs per assembly (A); the distribution 
of assembly lengths (B); the distribution of SNPs per assembly (C); and the distribution of 
reference recall (D). Long reads were assigned to their true origin (True); by the 
Ultraplexing algorithm (Ultraplexing); and randomly (Random). 
Independent of long-read assignment method, the same simulated short-read data are used 
for all hybrid assemblies of the same species. SNPs and reference recall were calculated 
relative to the utilized reference genomes. 
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Figure S3: Assembly accuracy in a simulation experiment with five different human 
pathogens, each represented by two closely related strains. The figure shows the 
distribution of contigs per assembly (A); the distribution of assembly lengths (B); the 
distribution of SNPs per assembly (C); and the distribution of reference recall (D). Long 
reads were assigned to their true origin (True); by the Ultraplexing algorithm 
(Ultraplexing); and randomly (Random). Independent of long-read assignment method, 
the same simulated short-read data are used for all hybrid assemblies of the same species. 
SNPs and reference recall were calculated relative to the utilized reference genomes. 
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Figure S4: Assembly accuracy in three simulation experiments with 30 S. aureus 
genomes of different genome complexity each, based on 30 genomes with mixed 
complexity randomly drawn from the set used for the main part of Simulation experiment 
II (Mixed); 30 class I complexity (I) genomes; and 30 class III complexity (III) genomes. 
The figure shows the distribution of contigs per assembly (A); the distribution of assembly 
lengths (B); the distribution of SNPs per assembly (C); and the distribution of reference 
recall (D). 
Long reads were assigned to their true origin (True); by the Ultraplexing algorithm 
(Ultraplexing); and randomly (Random). Independent of long-read assignment method, the 
same simulated short-read data are used for all hybrid assemblies of the same isolate. 
SNPs and reference recall were calculated relative to the utilized reference genomes. 
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Figure S5: Read classification in five simulation experiments with 10 – 50 different 
plasmid-containing S. aureus genomes. The figure shows the distribution of the percentage 
of correctly classified simulated long reads (A) and the distribution of ∆edit distance for 
falsely classified reads (B). Reads were assigned by the Ultraplexing algorithm 
(Ultraplexing) and randomly (Random). 

  



 

 

Chapter 3: Publications 

46 

 

 

Figure S6: Chromosomal assembly accuracy in five simulation experiments with 10 – 
50 different plasmid-containing S. aureus genomes. Reference and assembly contigs were 
classified as ‘chromosomal’ or ‘plasmid’ and evaluated separately (see Methods); shown 
here are results for the ‘chromosomal’ compartment. The figure shows the distribution of 
contigs per assembly (A); the distribution of assembly lengths (B); the distribution of 
SNPs per assembly (C); and the distribution of reference recall (D). 
Long reads were assigned to their true origin (True); by the Ultraplexing algorithm 
(Ultraplexing); and randomly (Random). Independent of long-read assignment method, 
the same simulated short-read data are used for all hybrid assemblies of the same isolate. 
SNPs and reference recall were calculated relative to the utilized reference genomes. 
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Figure S7: Plasmid assembly accuracy in five simulation experiments with 10 – 50 
different plasmid-containing S. aureus genomes. Reference and assembly contigs were 
classified as ‘chromosomal’ or ‘plasmid’ and evaluated separately (see Methods); shown 
here are results for the ‘plasmid’ compartment. The figure shows the distribution of contigs 
per assembly (A); the distribution of assembly lengths (B); the distribution of SNPs per 
assembly (C); and the distribution of reference recall (D). 
Long reads were assigned to their true origin (True); by the Ultraplexing algorithm 
(Ultraplexing); and randomly (Random). Independent of long-read assignment method, 
the same simulated short-read data are used for all hybrid assemblies of the same isolate. 
SNPs and reference recall were calculated relative to the utilized reference genomes. 
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Figure S8: Assembly accuracy in two simulation experiments with 10 plasmid- 
containing genomes each, based on 10 S. aureus genomes randomly drawn from the set 
used for the main part of Simulation experiment II (Staph) and 10 Pseudomonas genomes 
with high repeat richness (Pseudo). The figure shows the distribution of contigs per 
assembly (A); the distribution of assembly lengths (B); the distribution of SNPs per 
assembly (C); and the distribution of reference recall (D). 
Long reads were assigned to their true origin (True); by the Ultraplexing algorithm 
(Ultraplexing); and randomly (Random). Independent of long-read assignment method, 
the same simulated short-read data are used for all hybrid assemblies of the same isolate. 
SNPs and reference recall were calculated relative to the utilized reference genomes. 
Metrics for the S. aureus isolates were calculated for the chromosomal genome as 
described in the Methods section, metrics for the Pseudomonas isolates for the complete 
genome, not distinguishing between chromosomal and plasmid contigs. 
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Figure S9: Read length distributions of the generated Oxford Nanopore datasets. 
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3.4 Supplementary material to publication 2 
 

 

All supplementary figures and tables mentioned in the publication are listed on the following pages. 

They can also be accessed from the original publication source (https://doi.org/10.1128/msphere.00746-

21), or via the enclosed CD. 

 
 
Fig S1 – 1/6 

 

 

https://doi.org/10.1128/msphere.00746-21
https://doi.org/10.1128/msphere.00746-21
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Fig S1 – 2/6 
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Fig S1 – 3/6 
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Fig S1 – 4/6 
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Fig S1 – 5/6 
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Fig S1 – 6/6 

 

 
 
Figure S1: Spatial k-mer sharing plots of pmrCAB and flanking regions of isolates belonging to IC7 
against MC1. The plots show spatial variations in the proportion of k-mers present in MC1 also observed 
in the genome of the different isolates described in the y axis, calculated in sliding windows of 40 bases 
along the genome of the MC1 and for k = 19. Plots are based on k-mer counts computed with Cortex 
and a custom R visualization script. pmrCAB coding regions are highlighted in red, and flanking genes 
are indicated in green. 
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Fig S2 – 1/3 
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Fig S2 – 2/3 
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Fig S2 – 3/3 

 

 
 

Figure S2: Spatial k-mer sharing plots of pmrCAB and flanking regions of isolates belonging to IC4 
against 71813. The plots show spatial variations in the proportion of k-mers present in 71813 also 
observed in the genome of the different isolates described on the y axis, calculated in sliding windows 
of 40 bases along the genome of the 71813 and for k = 19. Plots are based on k-mer counts computed 
with Cortex and a custom R visualization script. pmrCAB coding regions are highlighted in red, and 
flanking genes are indicated in green. 
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Fig S3 – 1/5 
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Fig S3 – 2/5 
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Fig S3 – 3/5 
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Fig S3 – 4/5 
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Fig S3 – 5/5 

 

 
 
Figure S3: Spatial k-mer sharing plots of pmrCAB and flanking regions of isolates belonging to IC5 
against 67098. The plots show spatial variations in the proportion of k-mers present in 67098 also 
observed in the genome of the different isolates described on the y axis, calculated in sliding windows 
of 40 bases along the genome of the 67098 and for k = 19. Plots are based on k-mer counts computed 
with Cortex and a custom R visualization script. pmrCAB coding regions are highlighted in red, and 
flanking genes are indicated in green. 
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Figure S4: Spatial k-mer sharing plots of a 500-kb genomic region encompassing pmrCAB and 
flanking genes of isolate 67659 against isolates MC1 (IC7, top) and 67098 (IC5, bottom). The plots 
show spatial variations in the proportion of k-mers present in the genomes described on the x axis also 
present in the genome of the different references described on the y axis, calculated in sliding windows 
of 40 bases along the genome of the first isolate and for k = 19. Plots are based on k-mer counts 
computed with Cortex and a custom R visualization script. pmrCAB coding regions are highlighted in 
red. The shaded grey area highlights the genomic region depicted in Fig. 1A. 
 

 

 

 

 

 
 

Figure S5: Spatial k-mer sharing plots of a 500-kb genomic region encompassing pmrCAB and 
flanking genes of isolate 72554 against isolates MC1 (IC7, top) and 71813 (IC4, bottom). The plots 
show spatial variations in the proportion of k-mers present in the genomes described on the x axis also 
present in the genome of the different references described in the y axis, calculated in sliding windows 
of 40 bases along the genome of the first isolate and for k = 19. Plots are based on k-mer counts 
computed with Cortex and a custom R visualization script. pmrCAB coding regions are highlighted in 
red. The shaded grey areas highlight the genomic region depicted in Fig. 1B. 
  

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8636104/figure/fig1/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8636104/figure/fig1/
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Table S1: Genome assembly statistics and inferred location of pmrCAB in A. baumannii clinical 
isolates included in the study. 

. 
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3.6 Supplementary material to publication 3 
 

 

Due to their size, the supplementary tables could not be inserted here. They can be accessed via the 

enclosed CD instead. The supplementary figures mentioned in the publication are listed on the following 

pages.  
 

 

 

 

 

SupFig 1 – 1/2 

 

  



 

 

Chapter 3: Publications 

96 

Fig S1 – 2/2 

 

Supplementary Figure 1: Basic statistics of the Nanopore-only validation experiment 1 on 
MRSA data. Shown are the number of total bases, the number of mapped bases, the number 
of total reads, the number of mapped reads and the average coverage, each per sample, as well 
as frequency histograms of the average coverage and the read length. 
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Fig S2 – 1/3     Fig S2 – 2/3 
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 Fig S2 – 3/3 

 

 

Supplementary Figure 2: Heatmaps of 
eye-catching and potentially due to 
different filters excluded genes in the 
Nanopore-only validation experiment 1 
on MRSA data. Shown are genes with 
more than 50% of heterozygous variant-
calls, genes with below 55 mapping 
quality and genes with a coverage that 
differs more than 25% from the mean. 
  



 

 

Chapter 3: Publications 

99 

Fig S3 – ½ 

 

  



 

 

Chapter 3: Publications 

100 

Fig S3 – 2/2 

 

 

Supplementary Figure 3: Basic statistics of the Nanopore-only validation experiment 2 on 
VRE data. Shown are the number of total bases, the number of mapped bases, the number of 
total reads, the number of mapped reads and the average coverage, each per sample, as well as 
frequency histograms of the average coverage and the read length. 
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Fig S4 – 1/3     Fig S4 – 2/3  
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Fig S4 – 3/3  
 

 

Supplementary Figure 4: Heatmaps of 
eye-catching and potentially due to 
different filters excluded genes in the 
Nanopore-only validation experiment 2 on 
VRE data. Shown are genes with more 
than 50% of heterozygous variant-calls, 
genes with below 55 mapping quality and 
genes with a coverage that differs more 
than 25% from the mean. 
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Fig S5 – 1/3     Fig S5 – 2/3 
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Fig S5 – 3/3  
 

 

Supplementary Figure 5: Heatmaps of 
eye-catching and potentially due to 
different filters excluded genes in the 
hybrid validation experiment 3 part 1 on 
MRSA data. Shown are genes with more 
than 50% of heterozygous variant-calls, 
genes with below 55 mapping quality and 
genes with a coverage that differs more 
than 25% from the mean. 
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Fig S6 – 1/3     Fig S6 – 2/3 
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Fig S6 – 3/3 

 

 

Supplementary Figure 6: Heatmaps of 
eye-catching and potentially due to 
different filters excluded genes in the 
hybrid validation experiment 3 part 1 on 
VRE data. Shown are genes with more 
than 50% of heterozygous variant-calls, 
genes with below 55 mapping quality and 
genes with a coverage that differs more 
than 25% from the mean. 
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Supplementary Figure 7: Integrative Genomics Viewer screenshot of a genomic area that 
shows reads with variant patterns of a possible gene duplication. Shown are A) a zoomed-in 
position of gene EFAU004_00073 that shows that most of the found variants indicate two 
different bases with around 50% ratio each and B) the full length of gene EFAU004_00073 
that shows, that all reads exhibit one of two possible variant patterns. 
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Chapter 4: Integrated Discussion 
 

 

In this thesis, I have demonstrated three applications aimed at [1] optimizing hybrid genome assembly, 

[2] advancing the understanding of genomic plasticity in the context of antibiotic resistance and [3] 

enhancing methods for outbreak investigations. 

These applications are designed to improve our capabilities in bacterial genomics, antibiotic research, 

and real-time genomic surveillance in healthcare. 

 

The results of all three projects underscore the pivotal role of ongoing developments in sequencing 

technologies for the improvement of various analyses and downstream processes. Whether it is the clas-

sification of sequencing data, the assembly of reads into unfragmented genomes, the localization of 

resistance genes, the identification of potential (horizontal) gene transfers, or the detection of outbreaks 

and tracking of their transmission pathways – technological advancements, particularly in Oxford Na-

nopore sequencing, have been instrumental. 

The improvements in technologies, like developments of new flowcells and basecalling technologies 

within the 10.4.1 high-accuracy sequencing of Nanopore, or the new HiFi sequencing of PacBio, have 

opened up possibilities that were previously inconceivable. Cost-efficient sequencing and the creation 

of nearly perfect assemblies, without the need for additional high-quality Illumina sequencing data, are 

now feasible (24). 

 

These advancements have potential implications for the future of the shown analysis and the tools de-

veloped, and some projects could have been approached differently, had the improved versions of these 

technologies already been available at the time of working on the projects. 

Ultraplexing, a method to classify Nanopore long-reads with the help of Illumina short-reads in projects 

that need both datatypes could become obsolete for certain areas of application, as current Nanopore 

data alone is often sufficient for fully resolved assembly and Illumina data is not needed to begin with. 

However, it still has use-cases, like low-coverage long-read sequencing of large numbers of already 

Illumina-sequenced isolates. 

For the identification of recombination events and potential transmission of resistance genes,the quality 

of the assembled genomes plays a crucial role. The process becomes even more cost-efficient if Illumina 

data is not needed. In addition, instead of using k-mers, a direct comparison between Nanopore assem-

blies and references could provide faster and more accurate results. Next to this, methods of algorithmic 

bioinformatics could be applied to pinpoint recombination event borders explicitly. 

Regarding the third project, the accurate calculation of inter-sample genetic distances, which the appli-

cation of sequencing for the characterization of transmission chains depends upon, strongly benefits 

from the availability of higher-accuracy sequencing chemistries. On a high level, the development of 

the R10.4 chemistry thus improves the applicability of Nanopore sequencing for outbreak investigation 

and underscores the need for specialized tools. Moreover, enhanced Nanopore read quality could have 
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facilitated (and may continue to do so in the future) the evolution of this tool toward assembly calcula-

tions and direct alignment, rather than read mapping. A shift to a SNP-based comparison, as opposed to 

cgMLST-based, could have been implemented, allowing the flexibility to incorporate gene-based dis-

tance calculations through the annotation of the generated assemblies. This approach might also involve 

constructing a pan-genomic graph as a reference (93), encompassing reference genomes for multiple 

strains within a species rather than focusing on individual genes. Such an approach would enable a more 

comprehensive analysis that also includes the accessory genome and offers even higher-resolution in-

sights into potential strain affiliations of an isolate. 

 

In general, the concept of pan-genomics, considering the entire genome with its core and accessory 

components as one unit, is a major development din current bioinformatics and closely intertwined with 

the three projects discussed in this thesis. 

The availability of fully resolved genomes (project one) benefits pangenomics applications, for example 

by accurately defining distinct components. 

The unravelling of horizontal gene transfers around resistance genes (project two), directly addresses 

pan-genomic questions by characterising the exchange of genetic material between different members 

of the same species. It attempts to discern the precise locations of recombination breakpoints, elucidate 

the characteristics of surrounding genes, and explore the potential mechanisms through which these 

genes could be transferred among different isolates. 

The analysis of outbreaks (project three) relies on pan-genomic concepts, such as the categorization into 

core and accessory genomes. NanoCore, like all other cgMLST-like schemes, relies intrinsically on the 

ability to define the essential genes common to all strains within a species, known as core genes. Addi-

tionally, as mentioned in the preceding paragraph, there is potential for future enhancements to Nano-

Core through the incorporation of a pan-genomic approach to references. 

 

The utilization of these technological advancements is not solely dependent on improved methods but 

also hinges on the mindset with which these developments are approached and, on the questions, (future) 

users aim to address. For instance, the decision to establish a „prospective“ routine sample collection 

and analysis scheme, instead of only sequencing samples that have already been implicated in an epide-

miologically detected outbreak. 

Due to the increasing spread of antibiotic resistances among clinically relevant pathogens, there will be 

an increasing pressure on healthcare systems, leading to the need to better comprehend antimicrobial 

resistances and their dissemination. Therefore, there is a need to develop tools that facilitate the faster 

identification of newly emerging resistances. Moreover, the implementation of effective measures also 

depends on knowledge of and compliance with methods to prevent the spread of antimicrobial re-

sistances, such as hand hygiene. 

The use of genomically informed outbreak investigations and disease prevention measures has already 

become a gold standard in many hospitals and some areas of public health. With ongoing improvements 
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in availability and cost-efficiency, these practices are likely to extend gradually to healthcare institutions 

outside of large hospitals, such as general practitioners. Noteworthy examples of such developments 

include the widespread adoption of testing and vaccination procedures by medically-informed physi-

cians and the establishment of specialized test centres during the COVID-19 pandemic (94–96). Conse-

quently, corresponding tools must be designed to be as user-friendly and versatile as possible. 

Currently, a few hundred isolates can be sequenced in a time-efficient manner using gold-standard meth-

ods. With further advancements in cost-efficiency and throughput, it will become feasible to sequence 

not only hundreds or thousands but possibly hundreds of thousands of isolates. These advancements 

underscore the imperative for scalable bioinformatic methods that process sequencing data to evolve 

further or the development of new ones capable of handling such amounts of data. 

 

What do these developments mean for the two main questions I aimed to address within this dissertation 

(refer to Introduction)?  

Firstly, fully resolving bacterial genomes has become significantly more straightforward and will con-

tinue to do so. The common sufficiency of Nanopore sequencing data alone for downstream processes, 

without the need to produce Illumina sequencing data for quality reasons, means that sequencing more 

isolates concurrently within a short timeframe will progressively become more cost-efficient. 

Secondly, the analysis of bacterial genome sequencing data, whether for clinical questions such as out-

break investigations or resistance tracking, or for basic research such as enhancing the database quality 

of available genomes, has become more efficient. This is primarily due to the fact that all tools rely on 

a certain level of sequencing data quality, and their performance improves dramatically with less erro-

neous data. 

 

In conclusion, these advancements encourage the further utilization of high-throughput long-read se-

quencing and the development of new tools and methods explicitly tailored for the utilization of Na-

nopore data and perfectly resolved genomes derived from this data. 
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