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Sequencing platforms 

Sanger sequencing 

Sanger sequencing laid the foundation for the first-generation sequencing platforms in 

1977 (1). It is based on DNA chain termination reactions and yields approximately 800 

bp long sequences. The first commercially available DNA sequencers were based on slab 

gel electrophoresis and, together with the associated assembly software, resulted in the 

sequencing of the first bacterial genome (Haemophilus influenza) in 1995 (2). The first 

human genomes were sequenced in the human genome project in 2001 (3). However, 

throughput and read length limitations resulted in extensive workloads for sequencing 

whole genomes that had to be divided within collaborations. Even small genomes, such 

as Haemophilus influenzae (~1.8 Mb), required a total of 13 months to sequence (4). 

Bigger genomes, such as Homo sapiens (~3.08 Gb), took several years and costed 

hundreds of millions of dollars to sequence and assemble (5). Currently, Sanger 

sequencing is mainly applied to target small and conserved regions within 

microorganisms, such as bacterial 16S rRNA genes or genes encoding for viral proteins. 

Second-generation sequencing platforms 

The introduction of 2nd generation platforms in the mid-2000s provided superior 

throughput, speed (multiple bacterial whole-genomes in hours/days), output, and cost 

savings for DNA sequencing (6). These technical advances have pioneered the use of 

NGS in new fields such as infectious disease epidemiology (7). However, early platforms 

provided short-read lengths (ranging from 35 bp [Solexa Technology/Illumina] to 110 bp 

[454 GS20 by Roche]), had a large footprint and were very expensive (6). 

With the introduction of 2nd generation benchtop sequencers in the mid-late 2000s and 

advances in sequence chemistry, sequencing platforms became widely accessible (8). 

Coupled with computational developments, this increased the number of sequenced 

microbial genomes considerably (8). Whole-genome sequencing (WGS) of bacteria 

made its introduction from research into public health practice during the cholera 

epidemic in Haiti in 2010 (9), the international outbreak of Escherichia coli O104:H4 

(10), and epidemiological associations of Acinetobacter baumannii in an English hospital 

(11). 
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Figure 1. Cost ($) per megabase (DNA) in the last two decades (12). 

 
Several sequencing strategies are used by the various sequencing 2nd generation 

platforms, such as sequencing using a reversible dye terminator, sequencing-by-

synthesis, pyrosequencing, and sequencing by chained ligation (13). They share common 

characteristics: fragmentation and in vitro amplification of the template DNA and 

sequence detection within complementary DNA strand synthesis. High-quality and 

molecular weight DNA/RNA (or cDNA, respectively) is fragmented, usually by 

endonucleases or sonication, followed by end-repair and ligation to specific adapter 

DNA sequences to create a sequencing library (14). The adapters then act as priming 

sites for clonal amplification after immobilization on a solid surface. Synthesis is 

performed in parallel, while detectors monitor each nucleotide integrated into the 

nascent DNA strand, resulting in tremendous throughput capacities (mass parallel 

sequencing). 

Today, Illumina platforms dominate the 2nd generation sequencing market by providing 

a competitive price and high quality and reliable sequencing results, which pushed other 

2nd generation platforms into a niche (Ion Torrent) or retirement (Roche’s 454) (15). 

Illumina’s progress made NGS broadly available, fueled the genomic revolution, and has 

been highly adopted in clinical microbiology (7). By 2013, surveys revealed that 71% of 

the global 2nd generation sequencing platforms were from Illumina (16) and Illumina 

estimated that in 2018, over 90% of the worldwide sequencing data were obtained on 

Illumina platforms (17). 
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Third-generation sequencing platforms 

While 2nd generation sequencing platforms yield high sequencing output and accuracy, 

they are limited by short read lengths. In contrast, 3rd generation platforms generate 

longer reads. PacBio and Oxford Nanopore Technologies (ONT) are the two most widely 

used 3rd generation sequencing platforms (18). ONT introduced the MinION device in 

an early access program in 2014, and their platforms are currently more suited for 

utilization in a clinical diagnostic setting concerning speed, price, throughput, and 

output than the PacBio sequencers. ONT sequencing is developing rapidly and has the 

potential for many new innovative sequencing approaches, such as direct RNA 

sequencing, real-time analysis, and sequencing in the field (19). ONT flow cell 

technology is based on single-molecule sequencing technology. Single-stranded 

DNA/cDNA/RNA fragments are pulled through the nanopore by motoric proteins while 

measuring the specific current changes introduced by the different nucleotides to create 

sequences (20). 

Table 1. Features of next-generation sequencing platforms from Illumina and Oxford Nanopore 

Technologies 

Platform 
Read 

length 
(bp) 

Output 
(Gb) 

Accur
-acy 

Advantage Disadvantages 
Refer-
ences 

Illumina 
(2nd gen.) 

36-600 
0,1 -

3,000 
99.9% 

Very high depth, high 
accuracy, paired-end 

reads, very low cost/bp  

Short-read lengths, 
declining read quality 
toward endings, the 

high initial cost 

(6, 7, 
21, 22) 

 

ONT  
(3rd gen.) 

Unlimited 
 

PCR: 
~2,000-
6,000 

0-100 
88 -
97% 

Rapid turnaround 
possible, long read-

lengths, low maintenance 
and capital cost, mobile 

options 

High error rate, lower 
throughput, less 

robust 

(21, 22, 
23, 24, 

25) 

Abbreviations: ONT, Oxford Nanopore Technologies. 

The ONT MinION device is a mobile handheld sequencing device, and some ONT 

chemistries require minimal sample preparation. The whole process can take as little as 

2-6 h, and base calling can be performed in real-time (22). These are two crucial features 

to pave the way for sequencing in the field and have been applied amidst the Ebola 

outbreak in rural regions of Africa (23), farm exhibitions (25), and extreme 

environments, such as the Amazonian rainforest (26), mines (27), and even outer space 

(28). Additionally, the low initial acquisition and maintenance costs of small ONT 

platforms open up NGS to an even broader scientific community and public health 

laboratories in low-resource settings. 
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However, while ONT platforms provide long sequencing reads, they generate less 

throughput, higher costs per million/bp, and high error rates (3% – 12%), particularly in 

homopolymers exceeding five bases (13). Furthermore, quality variations of flow cells 

and susceptibility of pores to contaminants can reduce the output. While there are no 

limits regarding read length, in practice, the average sequencing length ranges from ~2-

6 kbp using PCR amplification (e.g., low biomass samples and cDNA sequencing). 

Moreover, protocols and software are currently less refined and advances, such as direct 

RNA sequencing, are still hampered by high input concentrations (>250 ng) and 

sensitivity concerns (22). 

Application of next-generation sequencing in clinical microbiology 

NGS platforms can be utilized in culture-dependent and culture-independent 

approaches (Figure 2). Typically, NGS analysis of clinical samples involves a wet lab part 

(nucleic acid extraction, library preparation, including PCR amplification and 

sequencing) and a dry lab part (bioinformatics analysis) (29). 

The nucleic acids used for the sequencing library preparation are derived from a 

bacterial culture in culture-dependent NGS approaches. Subsequent sequencing reveals 

the whole-genome of the cultured organism with high resolution and quality (whole-

genome sequencing - WGS). WGS can be applied for various purposes and can already 

be a powerful tool in clinical microbiology (7). The continuous progress and 

development of faster diagnostic tools are key to medical molecular microbiology. 

Culture-independent approaches derive the nucleic acids used for sequencing directly 

from a sample. NGS-based analysis of nucleic acids derived directly from the sample 

opens up unprecedented opportunities for the detection and characterization of 

microbiome and the analysis of the host response. Despite the potential and recent 

advancements in metagenomics, clinical applications have trailed behind. However, 

many hurdles within all aspects of wet and dry lab start to crumble. Chapter 4 goes into 

further detail and provides recommendations on the road to integrate culture-

independent NGS approaches as a routine diagnostic tool. 
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Figure 2. Culture-dependent NGS and culture-independent NGS workflows. NGS approaches 

include a wet lab and a dry lab part. In culture-dependent NGS approaches, the sample is 

cultured followed by a sub-culturing step to obtain a pure culture from which nucleic acids are 

extracted for library preparation. In culture-independent NGS approaches, nucleic acids are 

directly derived from the sample. Pre- and post-lysis enrichment of microbes are optional steps, 

and complementary DNA synthesis can be performed to detect RNA viruses or the host 

response. After sequencing and quality control, read or assembly-based strategies for data 

analysis can be employed. Read-based strategies are fast and sensitive, as each read is mapped 

against a database. Assembly strategies assemble sequencing reads to enable characterization, 

annotation, and phylogenetic analysis. 

Culture-dependent approaches: whole-genome sequencing 

Today, WGS based on 2nd generation short-read sequencing (SRS) platforms are highly 

adopted by clinical microbiology (7). WGS can be used for phylogenetic analysis to 

investigate transmission in outbreak scenarios (30) (Chapter 2 of this thesis), to detect 

and predict antimicrobial resistance (31) (Chapter 3 of this thesis), to evaluate the 

transfer of antimicrobial resistance genes (32), and to detect virulence genes (33). 

Furthermore, genomic data can be utilized to design or refine conventional targeted 

assays, such as qPCR (7, 34).  
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Culture-independent NGS approaches: untargeted and targeted NGS analysis 

While WGS offers a plethora of information and applications, it is still bound to the 

limitations of culturing itself. Culturing and sub-culturing single bacteria usually require 

a total of 2 - 3 days, while it can take weeks to cultivate fastidious bacteria such as 

Mycobacterium tuberculosis (MTB) (35). Additionally, not all bacteria can be cultured 

or require specialized equipment, such as anaerobic chambers or cell culture. 

Culture-independent approaches derive nucleic acids directly from the sample and 

enable the analysis of the entire metagenome (metagenomic next-generation 

sequencing, mNGS). Metagenomic analysis can be based on amplifying conserved 

regions, such as the bacterial 16S rRNA gene or the internal transcribed spacer (ITS) 

region, to identify fungi (36). However, 16S rRNA and ITS sequencing are limited to the 

detection of bacteria and fungi. As such, information on viruses, parasites, typing, 

genetic relationships, the presence of ARGs, or mutations that could lead to resistance 

against antibiotics is not possible (37). 

Shotgun metagenomics sequencing (SMg) describes the untargeted sequencing of 

nucleic acids directly from the sample. It can detect and characterize bacteria, fungi, 

parasites, and viruses without a priori knowledge within a single assay (38). SMg has the 

potential to yield quantitative data, type microorganisms for tracking and identify co-

infections or novel pathogens (39). SMg was first applied in a case of a 14-year-old 

patient suffering from an unknown etiological agent and induced into a coma. SMg of 

the cerebrospinal fluid revealed a Leptospira infection (a previous PCR was negative) 

and resulted in the administration of targeted antimicrobial agents (40). SMg has since 

been applied to multiple sample types, syndromes, microbiome analyses in health and 

disease, identification of viruses associated with tumors, and the human host response 

(41). Available SMg-based clinical tests include blood plasma (42), respiratory secretions 

(38), and cerebrospinal fluid (43). 

SMg has also been utilized to characterize novel and uncommon infectious etiologies 

and to explore the microbiome in animal and environmental samples (44). Identifying 

potentially significant etiological agents in animals is of great importance for animal 

welfare and monitoring potential zoonotic pathogen spillover at the human–wildlife-

animal interface (44). Furthermore, increasing antimicrobial resistance is a challenge 

for both human health care and the veterinary sector. 

Sensitivity of shotgun metagenomics sequencing 

The untargeted nature of SMg results in the sequencing of nucleic acids derived from 

the host, environment, and non-pathogenic organisms (45). Furthermore, the genome 
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size of the mammalian host is significantly larger (gigabases) than that of microbes, such 

as fungi and bacteria (megabases) and viruses (kilobases). Thus, the sequencing or 

incomplete removal of host nucleic acids can suppress microbial information and 

prevent the recovery of complete bacterial and viral genomes (15, 39). Several microbial 

enrichment strategies have been reported to improve the microbial sensitivity of SMg. 

Pre-lysis enrichment strategies, such as centrifugation (46), filtration (46), and targeted 

lysis of host cells followed by degradation of free nucleic acids (47, 48) are performed 

prior to nucleic acid extraction and rely on the structural integrity of the 

microorganisms. On the other hand, post-lysis enrichment strategies are performed 

after nucleic acids are extracted from the sample. These include DNase treatment (46), 

oligonucleotide probe capture (49), ribosomal RNA depletion (50), and amplicon 

sequencing (36). By probe-based enrichment, sequencing libraries are hybridized with 

capture probes (targeted sequence capture [TSC]). Probes within in a panel usually 

range from 30 - 120 bp in length, and the number of capture probes can range from 

50,000 to 2 million (24). Furthermore, probe-target hybridization is tolerant to 

mismatches with the target sequence and can enrich viruses that deviate from the panel. 

Therefore, oligonucleotide capture probes have been reported to increase viral 

sensitivity while retaining viral diversity and could therefore be a promising strategy for 

characterizing complex (animal) viromes (49).  

The aim of this thesis is to demonstrate the potential, applications, and limitations of 

NGS-based analysis, not only in human samples but also within a One Health approach 

in animal samples and the hospital environment. 
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Scope of the thesis 

Applying modern technologies and novel approaches to develop and improve diagnostic 

methods for timely identifying pathogens is important for patients, animals and the 

environment. In clinical microbiology, whole-genome sequencing (WGS) using highly 

accurate short-read sequencing (SRS) of bacterial isolates has been adopted. However, 

this culture-based approach is still limited by time-consuming culture procedures. 

Culture-independent next-generation sequencing (NGS) approaches, such as 

untargeted shotgun metagenomic sequencing (SMg) or targeted sequence capture 

(TSC), have the potential to characterize all microorganisms within a single assay. 

Applications cover a wide range of areas such as: revealing the microbiome, the presence 

and mobility of antimicrobial resistance genes (ARGs), epidemiology and evolution.  

The first part of this thesis highlights the benefits of utilizing WGS within an outbreak 

scenario in a regional university hospital (Chapter 2) and for accelerated drug 

prediction and typing strategies in fastidious Mycobacterium tuberculosis isolates 

(Chapter 3). In the second part of this thesis, we apply, evaluate, and adapt 

metagenomic NGS approaches in clinical patient samples (Chapters 4, 5, 6, 7), cross-

border pig samples (Chapters 8, 9, 10, 11) and the hospital environment (Chapter 12).  

In Chapters 2 and 3, we demonstrate the possibility of applying WGS in clinical 

microbiology. After observing an increase in the incidence of vancomycin-resistant 

Enterococcus faecium (VREfm), a common cause of nosocomial outbreaks, in a regional 

university hospital in Germany in 2015, VREfm whole-genomes (recovered from patients 

between 2010 and 2016) were sequenced in Chapter 2. We combined WGS of the 

VREfm isolates with epidemiological data to unravel transmission routes, strain clusters 

and outbreak dynamics. This study examines the impact of using NGS to monitor the 

spread of VRE within a healthcare region and the need to extend infection prevention 

strategies (using NGS) to a regional scale in the future. 

WGS has the potential to enable antimicrobial resistance prediction, which can be 

particularly beneficial for fastidious bacteria as conventional culture-based drug 

susceptibility testing (DST) requires an additional sub-culturing step that can take up to 

several weeks depending on the microorganism. In Chapter 3, we evaluate 

antimicrobial susceptibility prediction strategies for Mycobacterium tuberculosis (MTB) 

based on WGS obtained by Illumina SRS and Nanopore long-read sequencing (LRS). 

Nanopore sequencing can enable same-day diagnostics, assembly of complete genomes 

and lower initial costs. The latter is critical as especially lower-income countries have a 

high burden of MTB and could benefit from such technology. However, evaluation of 

LRS approaches for MTB detection, typing and DST is still sparse. By comparing LRS to 
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gold standard SRS using freely available and commercial bioinformatics tools, we aim to 

guide investigators based on their aims, equipment, and strategy. 

Recent rapid advances in high-throughput sequencing platforms have opened the door 

for untargeted sequencing directly from the sample to detect and characterize all 

microorganisms within a single assay. Chapters 4 - 12 highlight the potential of applying 

culture-independent NGS approaches in and outside hospitals.  

Chapter 4 reviews the current literature and presents advances, applications, and 

remaining hurdles of metagenomic NGS as a diagnostic tool in today’s clinical 

microbiology laboratories. 

In Chapter 5, we identify and optimize necessary steps within an SMg workflow, starting 

from nucleic acid extraction directly from clinical samples to bioinformatics. To unravel 

the potential of SMg as a diagnostic tool, we compared results with culture and WGS as 

a gold standard. Furthermore, we evaluated user-friendly, commercial, and freely 

available bioinformatics tools. 

The detection and characterization of viruses in humans and animals are crucial for the 

monitoring, diagnosing, and controlling of infectious diseases. SMg enables the 

detection and characterization of all viruses from human and animal samples; however, 

it is hindered by low sensitivity. To increase viral sensitivity, we evaluated a viral targeted 

sequence capture (TSC) panel on challenging human and animal samples in Chapter 6. 

Furthermore, we modified the TSC protocol to utilize Nanopore LRS and compared its 

performance to Illumina SRS.  

Chapter 7 describes a fatal case of a chronic enterovirus infection in a transplant 

recipient admitted to the UMCG over nine months. Interestingly, although an 

enterovirus was detected in several samples from the patient, the genotype responsible 

for the infection and hospital admission could not be determined using routine Sanger 

sequencing. We applied the modified viral TSC approach utilizing Nanopore LRS 

(Chapter 6) to identify a rare enterovirus and explore viral evolution. 

The swine-origin H1N1 influenza virus outbreak in 2009 and recent reports of additional 

zoonotic influenza virus strains in Europe and Asia highlight the need for continuous 

surveillance. Furthermore, several globally emerging swine viruses, such as the African 

swine fever virus and porcine respiratory and reproductive syndrome virus, threaten 

animal health. In Chapter 8, we compare untargeted SMg to viral TSC to screen and 

characterize circulating porcine viruses in blood serum and nasal swab samples collected 

from farms in the Dutch-German border region. 
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In Chapter 9, we show the potential of SMg to detect novel and unexpected viruses. 

After detecting a rare and previously unreported respirovirus 1 in a porcine blood serum 

sample, a respirovirus specific qPCR assay was designed to screen additional porcine 

samples. Along with SMg, qPCR revealed a wide spread of the virus within farms in 

Germany and the Netherlands. 

Antimicrobial resistance, pathogens with zoonotic potential, and globally emerging 

swine viruses are considered significant challenges in human health care and the 

veterinary sector. Oral Fluid (OF) sampling is a versatile, non-invasive and pen-based 

approach. OF can contain a broad range of microorganisms and could provide, in 

combination with untargeted SMg, a powerful tool for monitoring farms at the herd 

level. In Chapter 10, we apply this combination to detect and characterize the 

microbiome, antimicrobial resistance genes, heavy metal resistance genes and clinically 

relevant viruses. 

Chapter 11 shows the potential of combining SRS and LRS to obtain highly accurate and 

circular contigs directly from a (clinical) sample. We characterized an unusually small 

plasmid carrying a mobile colistin resistance gene (mcr) in a pig OF sample. 

Our current understanding of the microbiome in drinking water is primarily obtained 

by 16S amplicon sequencing. In Chapter 12, we highlight the potential of applying SMg 

to tap water within the hospital environment. SMg was able to detect and characterize 

a novel mcr variant using SRS and LRS. 
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