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General Discussion
Optimizing the diagnostic process is crucial in managing infectious diseases
(1). In this respect, clinical microbiology laboratories look for diagnostic tests
that provide relevant, clinically useful answers within a clinically actionable
time frame to promote appropriate treatment and help prevent the further
spread of resistance. Early administration of appropriate antimicrobial therapy
is vital for a patient not only for successful treatment but also to prevent side
effects. In addition, inappropriate use of antimicrobials is a primary driver of
AMR. Moreover, delay in specific clinical diagnosis may also result in increased
length of stay, a higher complication rate, and ultimately increased medical
costs (2).
In recent years, the introduction of molecular technologies, mainly based on
nucleic-acid amplification and next-generation sequencing (NGS), has
presented a quantum leap in microbial diagnostics (3), together with the
routine use of MALDI-ToF MS, mainly for species identification (4).
Specifically, for BSIs, many methods, like the ones described in Chapter 2, have
been developed, all with their drawbacks (2). Some have been implemented in
routine clinical diagnostics. Appropriate utilization of available diagnostic
assays (considering, e.g., panel spectrum, sensitivity, specificity, and costeffectiveness) is an essential aspect of infection management and constitutes
one of several main components of Diagnostic Stewardship (5-7). Therefore,
laboratories should clearly define the intended use of the available diagnostic
assays depending on their settings/infrastructure, clinical questions and
patient population.
The introduction of NGS as a high-throughput sequencing method has enabled
simultaneous detection of all pathogen classes, i.e., bacteria, viruses, fungi, and
parasites, directly from patient samples (syndromic molecular testing: e.g.,
panels for neutropenic fever, respiratory, gastrointestinal, and CNS infection
panels) comparable to targeted methods such as multiplex PCR panels but with
a much broader scope (8,9). Recent developments in NGS technologies,
including decreasing cost, faster turnaround times (TAT) and the development
of low to medium throughput platforms, have expanded the application of NGS
as a diagnostic tool for identification, characterization and typing of pathogens
and detection of antimicrobial resistance determinants. NGS techniques allow
the identification of uncultivable microorganisms that conventional methods
would not detect. In addition, slow-growing bacteria are detected faster (2).
For instance, the prolonged time required for phenotypic susceptibility testing
for M. tuberculosis, which usually requires 21 days to grow in culture and
another 28 days for a first-line antimicrobial susceptibility test result (10), has
considerably increased the interest in the use of NGS for the characterization
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of M. tuberculosis and associated resistance patterns with the potential of
same-day diagnosis directly from patient samples (11).
WGS and metagenomics sequencing have found their place within clinical
microbiology laboratories (12,13) for identification, typing, and/or
antimicrobial susceptibility/virulence prediction of pathogens (Fig. 1).
However, several challenges, ranging from sampling, nucleic acid extraction,
library preparation to sequencing and data analysis, are still faced. Fig.1
explains the NGS workflows for WGS and metagenomics studied in this thesis.
NGS workflows can be divided into a wet-lab (sample processing, DNA
extraction, and sequencing) and a dry-lab (data analysis and interpretation)
part (14). Both parts need improvement for more straightforward
implementation into diagnostics. Several aspects of these workflows were
further investigated in this thesis.
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Fig. 1: Next-generation sequencing workflow for whole-genome sequencing (cultured samples) and
metagenomics sequencing (primary clinical samples). The dashed boxes indicate optional steps. The workflow
is divided into wet-lab (from sampling to sequencing) and dry-lab (data analysis and interpretation)
procedures. Grey boxes indicate steps further investigated in Chapters 3, 4, 5, 7 and 8.

1. Wet-lab aspect
1.1. Sampling, storage conditions, standardization, and proper controls of
the NGS protocol are crucial for the interpretation of the results

Sample collection and the following laboratory processing are well-known
sources of contamination found in the environment and reagents (“kitome”)
(15). While the detection of extraneous nucleic acids of commensals or
contaminants influences the specificity of NGS methods, one should also be
cautious about distinguishing microorganisms causing colonization from the
ones causing infection. This is especially important for species that can be both
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commensals and pathogens, like, for example, Cutibacterium acnes (formerly
Propionibacterium acnes). In Chapter 5, we presented a method to distinguish
between true pathogens and potential contaminating species based on
calculating a cut-off value (16), but other methods exist, described in Chapter
6 (13). Several negative controls, e.g., sampling blank, nucleic acid extraction
blank, and/or no-template control, are necessary to exclude possible
contamination, which can be introduced at any step, from sampling to
sequencing and data handling (e.g., non-curated databases that contain
erroneous entries). It is essential to highlight that negative controls should be
included in every routine sequencing run, not only during the method
development. Besides, reference standards (e.g., ATCC® Microbiome Standards
(17,18), ZymoBIOMICS Microbial Community Standards (19), MS2 [RNA] and
T1 [DNA] bacteriophage (20,21)) of whole microorganisms, viruses, or nucleic
acids can be used as external/internal controls to monitor nucleic acid
extraction efficiency for different pathogen classes or, when spiked into clinical
samples to quantify pathogens. Notably, the concentration of the spike-in
controls should be carefully chosen to not compete with pathogens present at
low loads while still providing sufficient sensitivity, also for downstream steps
in the process (27).
Moreover, the PhiX bacteriophage, commonly used as a quality and calibration
control, enables assessing the error rate of a specific run. However, one should
also be cautious about “contaminated” genomes, for which PhiX might get
integrated as part of the target genome (22). On the other hand, including a
well-characterized strain in each WGS run would benefit the downstream data
analysis. For example, sequencing a well-characterized M. tuberculosis strain
together with other M. tuberculosis isolates would be a helpful control to check
the accuracy of sequencing and identifying their single nucleotide
polymorphisms (SNPs) by bioinformatics tools, such as Mykrobe and
TBProfiler, studied in Chapter 4. Overall, clinical NGS methodologies need
proper external and internal controls, which are essential for standardization
and ensuring quality and reproducibility (13).
Storage conditions of the biological samples are another important aspect of
the reliability of diagnostic test results. Currently, clinical samples sent for
metagenomics sequencing are usually leftover samples that have been frozen
and thawed many times, or they represent old samples used for retrospective
studies. In general, the sample quality is decreased after freeze-thaw cycles,
which complicates the reliability and interpretation of the results. Microbiome
studies have revealed that changing storage conditions like temperature,
storage time, and the number of freeze-thaw cycles have significant and
systematic effects on the microbiome composition (including the relative
abundance of taxa) and observed interactions between microbes and the
microbiome and the host (23) (24,25). Optimal storage conditions vary

206

Chapter 9

depending on the sample type and are particularly critical for low-biomass
samples (26). Consequently, sampling, optimum storage conditions, and
proper controls are essential for the reliability of the results and should be
carefully planned in future metagenomics studies.
1.2. Nucleic acid extraction is a persistent bias in NGS protocols

The unbiased nature of SMg allows the sequencing of the nucleic acid of all
pathogens (including commensal microbes) and the host. However, this
unbiased nature of SMg might lower the sensitivity of pathogen detection. As
the sequencing library comprises both nucleic acids from the patient and
pathogens, the sequence coverage of the pathogen depends on the ratio of
host/pathogen nucleic acid present in the sample (27). Host-depletion may
help to increase the genome coverage of the pathogen. As mentioned in
Chapter 6, several approaches (e.g., differential cell lysis, centrifugation,
DNase/RNase treatment, CRISPR-Cas9, capture probes) can be applied preand post-lysis to deplete host nucleic acids with pros and cons and varying
depletion efficiency, also depending on the sample type (13). Chapters 7 and 8
of this thesis studied the benchmarking of different nucleic acid extraction
protocols for DNA isolation from different clinical sample matrices spiked with
various bacteria to address the nucleic acid extraction bias. We applied two
methods (one commercial and one in house) for differential cell lysis, which
led to variable results depending on the sample matrices (Chapter 7, blood and
plasma; Chapter 8, sputum). In Chapter 8, the saponin-depletion method was
shown to be an efficient option to deplete host DNA (28,29), resulting in a 60fold decrease and a 12-fold increase in the percentage of host (human) and
spiked Mycobacterium abscessus reads, respectively. This resulted in 100%
genome coverage of M. abscessus and > 30x sequencing depth of coverage.
Chapters 7 and 8 also demonstrated that no single sample processing (e.g.,
nucleic acid extraction) approach applies to all different clinical sample types.
For instance, the viscosity of blood, affected by plasma composition, varies
among individuals and increases in case of infection (30). Consequently,
protocols developed for nucleic acid extraction from plasma might be limited
by the amount obtained from the whole blood, depending on its biophysical
properties. Moreover, one should also consider the sample type and the
differences in lysis efficiency of different bacterial populations. For example, a
kit used for molecular diagnosis to detect a specific set of pathogens may not
serve the purpose of SMg. It has been shown that the bacterial community
composition in a sample is highly influenced by the extraction protocol (31).
Some protocols may specifically favor the extraction of Gram (+) bacteria or
Gram (-) bacteria (32).
All in all, nucleic acid extraction protocols, following host depletion and
subsequent downstream analysis steps (e.g., NGS library preparation) should
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be well-defined considering the biophysical properties of clinical samples
(including the biological variation from the host) to obtain reliable results.
1.3. The longer the fragments, the higher the resolution

The selected library preparation protocol and the sequencing platforms (shortor long-read) ultimately affect the resolution of the diagnostic results. As the
widely used Illumina sequencing platform produces short sequences up to 300
bp, sequencing of different sub-regions of the 16S rRNA gene (e.g., V1-V3, V3V4) has been commonly used to characterize the microbiome and to identify
infection-causing pathogens (33,34) with lower cost compared to Sanger
sequencing. However, studies have shown that species discrimination often
cannot be achieved (reliably) by targeting the variable sub-regions of the 16S
rRNA gene with short-read sequencing platforms (33). Likewise, sequencing a
larger genomic region, covering the entire 16S-23S rRNA gene, has shown
higher resolution for species discrimination in our study in Chapter 5 (16).
Illumina sequencing features different sequencing kits, providing increased
cluster density (increased number of reads) and extended read length for
different platforms (e.g., MiSeq, NextSeq). In our evaluation of the MiSeq 300cycles, 500-cycles, and 600-cycles reagent kits (Chapter 5), the relative
abundance of pathogens identified at the species level using 16S-23S rRNA
amplicon sequencing was highest with the MiSeq 600-cycles Reagent Kit
(Illumina) known to generate the longest reads (16). Using a technology
resulting in reads spanning the whole amplicon region may get an even higher
resolution to discriminate between closely related species. This has been the
case in a recent microbiome characterization study that revealed a higher
resolution for distinguishing between members of particular taxa with longread compared to short-read sequencing of the full-length 16S rRNA gene (35).
Therefore, long-read sequencing (e.g., nanopore sequencing) of the whole 16S23S rRNA gene holds great promise for discriminating pathogens even at the
strain level.
Long-reads also have the advantage of resolving structural variations and
variants in repetitive regions, which are poorly resolved by short-reads and are
often excluded in bioinformatics analysis. For instance, a better understanding
of the role of highly repetitive PE/PPE (proline-glutamate/proline-prolineglutamate) gene families, which comprise approximately 10% of the coding
regions in M. tuberculosis, in the pathogenesis of the strain can be obtained
through long-read sequencing (36). The long reads obtained from nanopore
sequencing span a larger part of the genome than short-read sequencing but
come with lower accuracy, affecting the error rate of calling a single nucleotide
variant, as demonstrated in Chapter 3. The core-genome single nucleotide
polymorphism (cgSNP) typing using short-reads resulted in more accurate
phylogenies of M. tuberculosis isolates than the cgSNP typing using long-reads
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(37). On the other hand, the hybrid approach, which combines both short- and
long-read sequence data, could overcome the lower accuracy of long-read
sequencing while still exhibiting higher genome resolution by spanning
repetitive regions.
Overall, the choice of the sequencing platform (short-read vs long-read) and
the sequencing chemistry (e.g., library preparation kits) should be based on
the resolution of the information needed.

2. Dry-lab aspect
2.1. Bioinformatics tools: “One tool does not fit all”, the lack of
standardization and the gap between results and interpretation

While the application of genomics in clinical microbiology has been increasing,
the translation of genetic information remains challenging. There are plenty of
bioinformatics tools (Chapter 1; Table 2), often open source and usually not
further developed/maintained after the initial versions. The constant changes
in versions and/or the discontinuation of a bioinformatics tool complicates the
standardization of data analysis. In routine settings, automation and
standardization of the analysis are significant for the reliability of the
diagnostic test results. While some laboratories rely on open-source tools
requiring trained laboratory technicians and bioinformaticians/computational
biologists, other laboratories use user-friendly specialized software and
pipelines (e.g., commercial CLC Genomics Workbench; Ridom Seqsphere+;
free Galaxy). These commercialized software/pipelines allow the standardized
analysis of batches of isolates within-laboratory and across laboratories (38).
However, most laboratories still lack expertise in interpreting these data. There
should be more of a multidisciplinary team, including researchers, laboratory
technicians, medical molecular microbiologists, and clinical medical
microbiologists, to evaluate and put the result into clinical context. Metadata
is equally important for getting the correct diagnosis. Considering shotgun
metagenomics, which is (essentially) a hypothesis-free approach, one can get
unexpected results from the data analysis. Therefore, one may need patient
data to interpret and evaluate the results.
Recent examples in the literature highlight how different bioinformatics tools
can affect the overall interpretation of the results (39-41). For example,
different de novo assembly tools yielded varying performances in the contiguity
and quality of genome assembly of bacterial species with diverse GC content
(42). In Chapter 3, we compared several de novo assembly tools for the M.
tuberculosis genome. In the absence of a polishing step in the assemblies of
one of the most used assembly tools, SPAdes (43), variants introduced during
assembly were not corrected (37). This is concerning because incorrect genome
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assembly will undoubtedly lead to (some) loss of information. In that case, one
may lose information about genes of interest, for example, AMR or virulence
genes. If the assembly is not good enough, these genes might be broken into
different contigs, and one may not be able to identify them when the threshold
setting is too high (e.g., 95% identity, 80% coverage for the identification of
the gene). Thus, the gene might still be there but is not identified as it is
present on several contigs. Therefore, it is crucial to have an accurate assembly
and optimize the assembly matrices. Choice of the assembler should be made
considering the genome composition of the bacterial species.
Another example is the use of different bioinformatics approaches for the same
purpose. In Chapter 5, we used three different bioinformatics approaches, OTU
clustering, mapping and de novo assembly followed by BLASTN, to identify
bacterial pathogens. OTU clustering is the most used approach in microbiome
studies (44). However, this method is not able to distinguish between highly
similar species. De novo assembly followed by BLAST using an in-house
database was the optimal data analysis approach with the shortest turnaround
time (TAT) and the highest sensitivity.
2.2. Standardization needs the use of public curated databases

The advancements in the genomics field have revolutionized the drug
susceptibility prediction from sequencing data even though only known
resistance genes and mutations present in the databases can be identified. One
of the main challenges is that there is no consistent way of predicting drug
susceptibility among several AMR detection tools and databases. As we have
shown in the benchmarking study of TB drug resistance prediction tools in
Chapter 3 (37), prediction differs depending on the algorithm of the software
(the way of SNP calling and scoring) and the comprehensiveness of the
associated databases. A recent study highlights the urgent need for
standardization of AMR bioinformatics tools, which differ from the type of
accepted input data (reads or assembly) to the AMR databases and detection
method (either based on assembly or mapping) (45). The CRyPTIC project to
combat TB is an excellent example of worldwide collaboration with a unified
open-access database to identify genes associated with resistance markers for
certain anti-TB drugs (46). The CRyPTIC project has aimed at a faster, targeted
treatment provided via sufficiently accurate genetic resistance prediction,
which has been recently tested in the large dataset of > 20,000 clinical M.
tuberculosis isolates with associated minimum inhibitory concentration
measures (47). Therefore, standardization of the bioinformatics tools and the
databases is essential to aid global surveillance of pathogens and antimicrobial
resistance, which can be achieved through (inter-) national joint efforts.
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Overall, both standardization and automation of NGS workflows are not
entirely in place. Therefore, a routine microbiology laboratory requires suitable
technical facilities, trained personnel, and adequate informatics infrastructure
(48). Laboratories developing their own (bioinformatics) workflow hinder the
inter-laboratory standardization. In this regard, commercial solutions, for
example, collaborating with NGS service providers performing sequencing and
sending the raw sequencing data back or performing the analyses and/or
interpretation, would be an option (13). Alternatively, open-source software,
e.g., AMR package (49), can help standardize and improve the quality. Then
again, implementing a commercial pipeline from sample preparation to
reporting would be a choice for a standardized diagnostics workflow. Lastly,
the collaboration between investigators and industry partners would expedite
the development and standardization of the workflows.

Future Perspectives
An appropriate diagnostic algorithm is essential for
appropriate infection management
The selection of the NGS workflow depends on what diagnostic information is
required. Targeted metagenomics, for example, targeting specific regions of a
particular kingdom, e.g., 16S rRNA, 16S-23S rRNA for bacteria, or targeting
specific resistance genes, has the advantage of increased sensitivity, as the gene
of interest is enriched and the background (host sequencing reads) is reduced.
However, this approach limits the breadth of detectable pathogens and target
genes. Yet, a targeted metagenomics approach designed for specific targets can
be highly favorable in outbreak situations, and it can be used as a rapid
screening method. Patients with a positive result can be isolated, and the laborintensive culture-based work can focus on a smaller proportion of positive
samples. Although the sensitivity of the NGS method might be lower than the
culture-based method, like in our study in Chapter 4, there is a trade-off
between the sensitivity and TAT of the technique. Here, NGS reduced the TAT
from 4 days to 14 h compared to culture but had lower sensitivity. However,
the positive predictive value was 100% for both methods (50). Moreover,
optimizing the NGS protocol may improve its sensitivity.
Precision metagenomic approaches designed to enrich common pathogens for
each sample type (e.g., blood, urine, sputum) and clinical presentation may be
the way to allow a sensitive and accurate clinical diagnosis. Thus, the
composition of syndromic panels/probes targeting specific pathogens and
resistance genes should be defined based on the disease and specimen type. As
shown with the Respiratory Pathogen ID/AMR panel used to diagnose
respiratory infections successfully (51), syndromic NGS testing can increase
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diagnostic specificity and sensitivity. It enables enrichment of the pathogen,
common to a particular specimen and clinical question, present in the panel
while maintaining the background to detect pathogens not targeted.
Additionally, information obtained from SMg can go beyond identifying the
pathogen and can also result in, e.g., detection of virulence factors,
identification of antimicrobial resistance (AMR) markers, and typing. This may
need deeper sequencing at the expense of longer TAT and higher cost (52). The
SMg may be valuable in the case of immunocompromised patients with
consistently negative results from routine testing. It can be potentially used to
guide personalized treatments, as shown for acute leukaemia patients, by
detecting bacterial, fungal, and viral pathogens and AMR genes directly in
blood samples at different time points of their antimicrobial treatment (53).
Moreover, the advancements in sequencing technologies, notably Oxford
Nanopore Technologies (ONT), allow obtaining results within 6 hours
following sampling, e.g., for identifying pathogens based on circulating cellfree DNA from blood (54). Consequently, it is important to define on a caseby-case basis when to use metagenomics as a diagnostics tool.

Clinical utility studies should move from one sample to
large scale datasets
Despite the continuing integration of NGS-based methods into clinical
diagnostics on a routine basis, few studies are accessing the clinical utility of
the protocols using large-scale clinical studies (55). Such studies should be
conducted to evaluate the potential of a method to be used as a diagnostic tool.
For example, the implementation of metagenomics as a diagnostic tool should
go beyond spike-in experiments (which sometimes do not reflect the
complexity of a patient sample) and sequencing of a single clinical sample at a
time. Else, we must continue to confirm the NGS results with other
approaches, which is often restricted by insufficient sample material left to
perform the retesting. Clinically unvalidated metagenomics approaches cannot
be used for accurate diagnosis within an accredited clinical laboratory. Clinical
evaluation studies are essential to determine the clinical value for the patient
and the benefit for health care systems in general, including adequate costeffectiveness analysis.

Conclusion and Outlook
Overall, this work demonstrated a wide range of applications of NGS
technologies to diagnose infections and obtain several layers of information,
covering pathogen detection and species identification, drug susceptibility
prediction, and pathogen typing for outbreak investigations. The hurdles of
each NGS approach for “wet-lab” and “dry-lab” steps were also extensively
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addressed. The latest advances, especially ONT sequencing, hold great
promises to transform the relatively slow and laborious conventional culturebased microbial diagnosis into same-day diagnosis. Nevertheless, the main
challenge is the lack of standardization in protocols within/among
laboratories. To address this, we need joint efforts to globally collaborate and
unite to combat infections and improve life expectancy and quality of life.
Standardization of NGS workflows and their integration into clinical
diagnostics would move faster when both industry-driven and research-driven
collaborations were present more frequently and productively. Projects like the
CRyPTIC project could serve as a start for this.
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