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Increasing antimicrobial resistance and human population dynamics require rapid and 

innovative diagnostic approaches for surveillance and diagnostics. With recent 

technical, economic, and computational advances, next-generation sequencing (NGS) 

based strategies push into various scientific domains, spanning human genetics, 

infectious diseases, and public health laboratories. 

This thesis aimed to apply and optimize the use of NGS for the detection and 

characterization of microbes. Short-read and long-read whole-genome sequencing 

(WGS) was used to decipher dynamics and transmission routes during outbreaks and 

predict MTB antibiotic susceptibility. Additionally, we applied metagenomic NGS 

approaches to patient and animal samples, as well as the hospital environment. 

 

Part 1 | Whole-genome sequencing  

In Chapter 2, we highlight the discriminatory power of WGS to better understand the 

dynamics of vancomycin-resistant Enterococcus faecium (VREfm) transmission and 

outbreak routes within a German tertiary hospital. WGS allowed typing of isolates with 

a higher resolution than MLST and revealed that 88/773 patients were colonized with 

VREfm prior to admission to the hospital, in some cases genetically related to the 

predominant hospital VREfm clusters. This demonstrates the need of sharing 

microbiological data between hospitals within the same healthcare network to prevent 

the further spread of resistant bacteria, particularly as patients continuously re-

introduced isolates from the major VREfm clusters from other hospitals. Similarly, WGS-

based analysis of a VREfm outbreak at the University Medical Center Groningen linked 

the outbreak strain to a German patient, indicating the necessity of extending 

microbiological genomics databases across borders (1). Apart from the high 

discriminatory power, WGS data is also highly suitable for use in such proposed 

national/cross-border databases, as it can be shared and analyzed with freely available 

software, without the presence of typing platforms such as the DiversiLab system 

(bioMérieux) (2). However, streamlining of parameters (such as cut-off values) and 

bioinformatic workflows is crucial to prevent variations in the WGS analysis between 

regional/national healthcare centers (3). 

WGS using Illumina short-read sequencing (SRS) platforms has some technical 

limitations. Importantly, short-reads do not always span the length of inverted repeats, 

often flanking mobile genetic elements (MGEs) (4). This results in incomplete 

assemblies complicating the localization and characterization of ARGs, heavy metal 

resistance genes and/or virulence factors, and their potential horizontal transmission. 

The latter is clinically relevant as horizontal gene transfer of vanA plasmids into different 
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E. faecium sequence types has been reported previously (5). The MinION (Oxford 

Nanopore Technologies [ONT]) is a long-read sequencing (LRS) platform that allows for 

complete bacterial genome assembly to characterize MGEs within their genetic 

environment (6). Furthermore, the low acquisition and maintenance costs of the 

MinION platform open up NGS for diagnostics for (public health) laboratories, 

particularly in low-resource settings (7). However, Nanopore sequencing is less accurate 

and less suitable for high throughput sequencing at present. Moreover, current 

sequencing data analysis software and databases are often derived from SRS/Sanger 

sequencing data (8). 

Chapter 3 evaluated ONT LRS bioinformatic strategies for typing and drug resistance 

prediction by comparing it to the gold standard Illumina SRS and phenotypic antibiotic 

susceptibility testing. Predicting antimicrobial susceptibility from genomic data is 

particularly advantageous in fastidious bacteria such as Mycobacterium tuberculosis 

(MTB) (9). Currently, studies evaluating LRS approaches for MTB detection, typing, and 

resistance prediction are limited. By comparing 24 MTB genomes, we revealed that 

while LRS can predict antimicrobial susceptibility, SRS approaches are still more 

accurate. Furthermore, the bioinformatic analysis of WGS-based drug resistance 

prediction of MTB remains challenging, as we observed differences between phenotypic 

drug susceptibility testing (DST) and resistance, particularly for ethambutol and 

pyrazinamide. Furthermore, mutations in targets need to be considered in the context 

of the analysis summary reports by TBProfiler and MYkrobe to prevent 

misinterpretation. Finally, we agree that more standardization is required for WGS to 

use it to guide MTB treatment (10). 

Part 2 | Culture-independent next-generation sequencing 

Metagenomic next-generation sequencing for clinical diagnostics  

Metagenomic next-generation sequencing (mNGS) approaches, such as shotgun 

metagenomic sequencing (SMg), can detect and characterize bacteria, fungi, parasites, 

and viruses within a single assay. With the increased accessibility and high throughput 

of NGS platforms, mNGS can be a powerful tool in clinical diagnostics and research (11, 

12). However, while the potential of metagenomic approaches seem almost limitless, 

several challenges remain in all aspects of both the wet lab and dry lab (Chapter 4). 

Despite the breadth and potential clinical utility of SMg, its incorporation is currently 

limited to infectious disease diagnostics (13). More comprehensive integration of SMg to 

determine the infectious agent and guide therapy is currently hindered by aspects such 

as high costs, hands-on time, turnaround time, automation, lack of 
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validation/standardization, and finally, the presence of background nucleic acids 

(Chapter 4). These limitations cause SMg to be primarily used as a reflex test for 

specimens in which no causative agent was detected using conventional culture- and 

PCR-based tests. As the latter tests are cheap, well established, and in the case of PCR-

based tests have a faster turnaround time than sequencing, they are still the primary 

choice in microbiological diagnostics (14). 

If SMg is primarily used in retrospective analysis, turnaround time is not crucial. Once 

SMg is used for prospective analysis, it will have to compete with routine diagnostic 

techniques such as multiplex-PCR, MALDI-TOF, semi-automated phenotypic 

antimicrobial susceptibility testing, and culture regarding time, costs, and clinically 

actionable information. In our study, metagenomics approaches took between 2 and 5 

days (often including significant hands-on time, depending on the workflow and aims), 

similarly to previously reported turnaround times (Chapters 4, 5) (13, 15, 16). This is 

comparable to turnaround times for culture-based approaches that include multiple 

incubation and cultivation steps, species-specific identification, susceptibility testing, 

and typing, which can take up to 48 - 72 h (17, 18). 

In Chapter 5, we compared SMg with routine diagnostics (bacteriology). SMg detected 

most bacterial pathogens identified by culture. Furthermore, we detected antimicrobial 

resistance genes (ARGs) not reported by the conventional microbiological testing. Due 

to the untargeted nature of SMg, its sensitivity is highly dependent on the sample 

composition (19). Host DNA depletion can be applied to increase its sensitivity. 

However, we observed a high variation in the efficiency of removing the host DNA, even 

within the same sample types (Chapter 5). The amount of human DNA impacting 

microbial sensitivity and typing has been reported previously (20, 21, 22). Furthermore, 

we found that the taxonomic results differed between the taxonomic classification tools. 

This was similarly reported in other studies, depending on the bioinformatic tools and 

databases (23, 24). 

To improve sensitivity, we applied viral targeted sequence capture (ViroCap) in 

Chapters 6 and 7, which not only increased viral sensitivity but also sequence depth as 

reported previously (25, 26). However, the use of ViroCap is a trade-off between 

sensitivity and increased hands-on time, as well as time-to-result. Furthermore, it had a 

limited effect on the sensitivity in faecal samples, due to the complex bacterial nucleic 

acid background (Ct value cut-off of 30), and no near-complete genomes of low-

abundant viruses were recovered (Chapter 6). Therefore, additional viral enrichment 

procedures (such as centrifugation or ribosomal RNA depletion) should be considered 

in future experiments to characterize viruses with low abundance (27, 28). 
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Amplification-based assays are limited to a selected panel of common pathogens. 

Additionally, as they rely on primer-target interactions, mutations in the genomic target 

can result in false negatives or prevent successful genotypic typing by Sanger sequencing 

(29). Determining the genotype is key to track outbreaks, linking clinical symptoms to 

specific pathogen types, refining/developing molecular diagnostic tests and initiating 

potential therapies (30). In Chapter 7, we determined the genotype of an untypeable 

enterovirus using mNGS. Moreover, mNGS confirmed (co-) detections with human 

parainfluenza virus 4 and human coronavirus OC43 found by routine diagnostics. 

Interestingly, obtaining the enterovirus C104 (EV-C104) near-complete genomes 

enabled us to trace the evolution within the host. Obtaining complete or near-complete 

genome sequences also allowed high-resolution phylogenetic analysis. To the best of our 

knowledge, this is the first report of a chronic infection with EV-C104 with severe 

morbidity in the Netherlands. 

The ideal diagnostic sequencing platform is portable, inexpensive, fast, accurate and has 

a high throughput. While all sequencing platforms are under constant development and 

improvement, neither Illumina nor ONT currently provide a platform/workflow that 

checks all these boxes (31). Illumina platforms provide accurate and deep sequencing 

required to detect low abundant pathogens and correct identification, which are 

essential in clinical microbiology. As a result, SRS Illumina platforms currently dominate 

the market and will likely continue to do so for a while (14). However, ONT platforms 

continually improve robustness, throughput, and accuracy, particularly on the 

PromethION, and as a result, they start to compete with Illumina sequencing. Moreover, 

ONT platforms result in shorter turnaround times, less hands-on time, and pricewise, 

are more accessible to small (public health) laboratories (32). We show that ONT LRS 

can already be an alternative to Illumina platforms for viral detection, genotyping, and 

phylogenetic analysis in Chapters 6 and 7. 

In conclusion, further standardization and clinical validation efforts are required to 

integrate mNGS into clinical microbiology diagnostics. Additionally, the ongoing and 

rapid improvement of sequencing technologies, growing demand, and competition 

between manufacturers could result in improved automation, turnaround time, and 

costs in the future. 

Culture-independent NGS for the surveillance of farms and the environment 

One Health describes a transdisciplinary approach that integrates the interconnection 

between people, animals and the environment (33). With the increasing intensification 

of agriculture due to a growing global population, the chances of pathogen spillover 

between the wildlife-animal-human interface are likely to increase in the future (34). 
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Hence, surveillance of animal pathogens, e.g., African Swine Fever virus and porcine 

reproductive and respiratory syndrome virus (PRRSV), which have emerged in recent 

decades, is not only important to prevent significant economic losses, but also to 

monitor viruses with zoonotic potential, such as swine influenza virus (SIV) (34, 35, 36).  

In this thesis, we used ciNGS for porcine virus surveillance (Chapters 8, 9, 10), 

characterization of the porcine microbiome and antimicrobial resistance genes in oral 

fluid samples (Chapters 10 and 11). 

The porcine virome is highly complex, genetically diverse, and less explored than the 

human virome (37). SMg can be used as an unbiased approach for detecting and 

characterizing the porcine virome. However, untargeted approaches are limited by their 

sensitivity (14, 34). Increasing the viral sensitivity to detect and characterize circulating 

human and animal viruses could be a crucial part of the One Health initiative. The 

generation of complete/near-complete viral genomes is crucial for phylogenetic, 

antiviral, and evolutionary analyses (Chapters 8, 9, 10). In Chapter 8, the use of 

targeted sequence capture increased the sensitivity of the detection of 16/19 viral genera 

in pooled porcine nasal swabs and blood serum samples compared to SMg. 

Unfortunately, it resulted in a genome coverage bias towards viruses present at low loads 

as reported before (38). In four nasal swabs from pigs with respiratory symptoms, an SIV 

H1avN1 virus was detected (Chapter 8). Phylogenetic analysis revealed a close genetic 

relationship with a zoonotic SIV strain isolated in the Netherlands in 2016 (36). Another 

closely related SIV was detected within an OF sample (Chapter 10). No indications for 

resistance to neuraminidase inhibitors were found when analyzing the genomes of the 

viruses. 

Unbiased SMg has the advantage of being able to detect rare, unexpected, and novel 

viral pathogens. We found a rare porcine parainfluenza virus 1 (PPIV-1) in a porcine 

blood serum sample (Chapter 9). Phylogenetic analysis of the near-complete viral 

genome revealed high similarity to the first reported PPIV-1 isolated from deceased pigs 

in Hong Kong in 2013. Thus, PPIV-1 may have spread from China to Europe or vice versa. 

Following the detection of PPIV-1, we designed a specific qPCR marker based on the 

available PPIV-1 complete and near-complete genomes. Overall, PPIV-1 was detected in 

samples from pigs in 11 different farms and two countries known to be part of a 

significant pig production cluster. Therefore, PPIV-1 may be widespread over Central 

Europe. 

Since antimicrobial resistance is an increasing problem in healthcare and agriculture, it 

is crucial to monitor antimicrobial resistance determinants to prevent further spread. 

This is even more important as only a few antimicrobial drugs are currently in 
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development. While blood serum sampling is limited mostly towards viral detection, 

oral fluid samples contain a broad spectrum of both viruses and bacteria (Chapters 10, 

11). SMg was applied to these oral fluid samples and detected several bacteria, ARGs, 

heavy metal resistance genes, and clinically significant viruses. Some of the detected 

ARGs are known to be clinically significant in humans e.g., the mobile colistin resistance 

(mcr) gene, conferring resistance to the last-resort antibiotic colistin (Chapter 11). 

Faecal samples are currently the first choice to detect ARGs and pathogens using mNGS 

because the gi-tract is a reservoir and source for their dissemination into the 

environment and food products (39, 40). However, the very complex microbiome of 

faecal samples requires deep sequencing to detect low abundant bacterial species and 

viruses. Therefore, Oral Fluid sampling and metagenomic sequencing could be further 

explored as an alternative sample-type for the surveillance of ARGs and pathogens at the 

herd level.  

Finally, mNGS approaches can also be applied for environmental surveillance. Currently, 

knowledge on the microbiome in drinking water is primarily obtained by 16S rRNA 

amplicon sequencing. However, this approach cannot always discriminate between 

closely related species and does not allow the analysis of ARGs (40). We applied SMg to 

hospital tap water (Chapter 12) and detected and further characterized a mcr-5.4 gene. 

By characterizing the gene’s genetic environment and the co-occurrence of bacterial 

sequences, we predicted the gene to be present in a bacterium belonging to the order 

Pseudomonadales. Hence, tap water may be a reservoir of antibiotic-resistant genes 

and/or bacteria, indicating the need to monitor hospital tap water for the presence of 

ARGs. 

 

3 | Future perspectives and concluding remarks  

Whole-genome sequencing 

In more advanced centers, WGS has been highly adapted for application in routine 

clinical diagnostics for several years for in silico typing, identification, and 

characterization of microbes (42) (Chapter 2). The widespread application of WGS is 

primarily hindered by economic reasons, bioinformatics expertise and standardization, 

or comparatively high turnaround times. 

However, it is still challenging to obtain accurate and complete genome assemblies that 

neither Illumina nor ONT platforms can provide (Chapter 3). In addition, predicting 

AMR caused by overexpression or point mutations in ARGs, or MIC values from 

genotypic data is still in its infancy (15) (Chapter 3). As a result, predicting AST from 
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WGS data is likely to be a supplementary tool to guide therapy. The insights and data 

obtained from WGS-guided therapy could be the basis for inferring AST directly from 

the sample using mNGS in the future (43). Speed is a crucial factor for clinical 

applications and a significant advantage of SMg compared to conventional AST. 

Continuously growing datasets comprising WGS data and phenotypic MIC could form 

the basis for the application of artificial intelligence approaches to predict MICs from 

sequencing data in the future. 

Culture-independent NGS for clinical diagnostics 

Untargeted SMg shows great potential when applied at the DNA level, primarily for the 

detection and characterization of bacteria. First, efficient saponin-based differential lysis 

strategies for host depletion exist (32). Second, cell lysis can be rigid, as DNA is less 

prone to degradation through bead beating than RNA. Finally, the time for library 

preparation is short as no cDNA synthesis step is required and one amplification step is 

sufficient prior to sequencing.  

Enrichment of viruses in clinical samples, i.e., before their nucleic acid extraction, has 

low efficiency. Therefore, the sensitivity of unbiased shotgun sequencing approaches for 

the detection and characterization of viruses is low. Targeted sequence capture and/or 

amplicon sequencing-based approaches can be used to increase the sensitivity and 

obtain complete or near-complete viral genomes (Chapters 6, 7, 8, 9). Recently 

introduced bead-bound enrichment panels add tagmentase-bound barcodes directly to 

the targets of the panel (44, 45). This approach reduces a significant drawback of the 

ViroCap panel, i.e., the extra time for preparing sequencing libraries, as these methods 

do not need second-strand cDNA synthesis, bead clean-up, A-tailing, and end-prep 

steps. This approach has been successfully used during the COVID-19 pandemic (44). 

Other panels extend this approach beyond viruses to bacteria, fungi, and ARGs 

(Illumina). 

Another recently introduced approach to increase viral sensitivity is spiked multiplexed 

primer schemes (11). Like point-of-care panels, targeted viruses are enriched by 

overlapping primer schemes during the cDNA amplification step. Furthermore, random 

hexamers retain untargeted amplification when no target virus is present in the sample. 

Finally, this approach can be supplemented with oligonucleotide sequence capture 

approaches. 

 

Culture-independent NGS approaches for the surveillance of farms 

Within the course of this thesis, we highlighted that both wet lab and dry lab 

methodologies applied in human clinical microbiology are transferable to animal 
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samples. The necessity to sequence animal samples (farm animals and wildlife) can be 

diverse, for example, for i) monitoring and preventing the spillover of animal and 

zoonotic pathogens, ii) reduce unnecessary antibiotic use (e.g., in case of viral 

infections), iii) animal welfare, iv) safety evaluation for porcine xenotransplants, and v) 

efficient food production (34, 37). Oral Fluid samples could be a very efficient and 

animal-friendly way to monitor pathogens in pig farms in the future. The farmer attaches 

a rope to the gate, continues his work, collects the sample after 30 min, stores it in the 

freezer, or ships it on ice on the same day. The currently applied nasal swab or blood 

plasma samples are invasive and require a significant amount of work by skilled 

veterinarians. Additionally, the amount of host background was acceptable in our 

sample cohort, and therefore storage in preservatives such as DNA/RNA shield could be 

explored to facilitate storage and shipping even further. However, a direct comparison 

of the use of oral fluid samples with gold standard sample matrices, such as nasal swabs, 

blood serum, and faecal samples from animals of the same farm, to detect pathogens 

and ARGs is required before introducing it on a wide scale. 

Platforms and bioinformatics analysis 

Current sequencing platforms do not fulfil the need in clinical microbiology for an 

economic diagnostic sequencing-based approach that delivers long reads, high accuracy, 

and fast results. While Illumina systems are robust, backed by a sturdy supply chain, 

deliver high outputs, and are highly accurate, it feels that no significant progress has 

been made on Illumina platforms within the last ~5-10 years (the MiSeq was launched 

in April 2011). Particularly for researchers, ONT platforms are currently much more 

exciting, versatile, accessible, less restricted, and progressing quickly. ONT platforms 

become of interest for clinical microbiology, as they get more robust, and the accuracy 

is beginning to scratch the 97% mark on PromethION platforms 

(https://nanoporetech.com/about-us/news/new-research-algorithms-yield-accuracy-

gains-nanopore-sequencing). If ONT can keep up the constant improvements, one can 

hope that there will soon be serious competition for Illumina platforms for the 

application of NGS in clinical diagnostic laboratories. 
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