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Chapter 2
Overview of Microbial NGS for Clinical 
and Public Health Microbiology

Natacha Couto and John W. Rossen

2.1  Introduction

For several decades, we have been confined in the clinical microbiology laboratory 
to techniques that are limited in the amount of information they provide, e.g. limited 
to species identification or antimicrobial susceptibility; limited with respect to the 
turnaround time, e.g. culture of slow-growing or obligate intracellular pathogens, 
and/or limited in the sensitivity of the tests due to, for example, previous antimicro-
bial therapy administered to the patient before sample collection. These limitations 
lead to significant consequences for both the patient and the health care system in 
general, like higher morbidity and mortality due to inappropriate antimicrobial ther-
apy and increased medical costs due to the long turnaround time and limited sensi-
tivity of the diagnostic assays and consequently a longer stay of the patient in the 
hospital. Next Generation Sequencing (NGS) has the potential to revolutionise the 
way we perform microbiology as it can become a ‘one test fits all’ [1]. With NGS, 
pathogen identification, therapeutic resistance, pathogenicity, outbreak transmis-
sion, and within-host evolution (in case of chronic infections) can be studied at the 
same time [1, 2]. NGS is already applied in several medical microbiology 
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laboratories, including our laboratory at the University Medical Center Groningen 
(UMCG), where it is used for outbreak management and infection prevention within 
the hospital and within the region, identification of bacteria using the 16S-23S 
rRNA encoding region, and metagenomics approaches for identification and typing 
of pathogens. However, numerous limitations need to be supplanted in order to 
make it feasible and affordable in any Medical Microbiology laboratory, indepen-
dent of it being a local, regional or academic hospital, or a national reference centre.

Several decisions have to be made when applying NGS to clinical and public 
health microbiology. There is no flawless workflow and every step in the process 
needs constant optimisation. Usually, an NGS workflow comprises the following 
steps: (1) sample collection; (2) DNA/RNA extraction; (3) library preparation; (4) 
sequencing; and (5) bioinformatics analysis, as it is shown in Fig. 2.1. The descrip-
tion/optimisation of these steps is not the focus of this book chapter, which will 
concentrate first on the practical issues of implementing NGS in diagnostic micro-
biology and second on a series of case studies that show the potential value of NGS 
for the surveillance and control of microorganisms.

2.2  Implementation of NGS in Clinical 
Microbiology Laboratories

In most countries, NGS was first introduced to microbiology in academic and/or 
reference laboratories, due to capital investment, operational costs, and require-
ments for expertise in the laboratory and bioinformatics processes [3]. The imple-
mentation of the NGS competencies at the reference laboratory depends on the type 
of national health system and may mirror a hierarchal structure that favours a more 
centralised microbiological surveillance and reference functions [4]. This hierarchal 
structure reduces the costs per sample at the reference laboratory, by collecting 
samples from different sources; however, this comes with the cost of prolonged 
turnaround times [5]. Nevertheless, the decrease in sequencing costs, the introduc-
tion of bench-top or portable and low-to-medium throughput devices [6, 7], the 
growing availability of free, user-friendly bioinformatics tools [8, 9] and the avail-
ability of specialised technicians resulted in a broad and rapid introduction of the 
NGS technology into non-academic laboratories, enabling a transition from a hier-
archical to a network-like structure [1]. This significantly reduces the turnaround 
time, empowers hospital-based microbiology, and positively impacts local efforts 
such as infection control interventions [10].

To implement NGS in routine diagnostics, several adjustments in the laboratory 
workflow are required [3]. Both parts of the procedure, i.e. the wet laboratory part 
(nucleic acid extraction, library preparation, sequencing), and the bioinformatics 
part (analyses of the sequence data and translating them into easy to understand 
reports) should be performed by dedicated staff members specialised in NGS. The 
use of NGS fits best in a batch-wise approach; however, this is typical for 
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Fig. 2.1 Steps and challenges involved in an NGS workflow implemented in a diagnostic micro-
biology laboratory
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high- throughput laboratories or surveillance projects, and it is far from ideal for 
routine diagnostics [3]. Recent equipment releases, like the MinION from Oxford 
Nanopore Technologies and the iSeq 100 from Illumina Inc., may overcome such 
limitations, as such sequencers either are smaller and less expensive (MinION) or 
provide a low-to-medium output (iSeq 100), which allows them to be more cost-
effective. In any way, a balance should be kept between costs, quality (e.g. accu-
racy), turnaround time and complexity of the laboratory and bioinformatics 
processes.

Like for any new laboratory method, NGS requires validation. Yet, this process 
is far from being forthright and is required at both the laboratory and the bioinfor-
matics level [3]. One of the most challenging points is the fact that there are many 
different kits, platforms and bioinformatics tools that can be used for NGS. The 
microbiologist should be aware of the stability, shelf life of the reagents and flow 
cells, and robustness of the bioinformatics tools used in the workflow, to ensure the 
repeatability and reproducibility of every step.

Additionally, NGS often is superior to other methods currently used within the 
laboratory; for example, it has higher discriminatory power compared to the current 
reference standard typing methods [3]. As whole-genome sequencing (WGS) can 
be used for all microbial species, it is almost impossible, with respect to time and 
costs, to perform an independent validation for all known species. Therefore, one 
may consider choosing several indicator species (e.g. one aerobe Gram-positive, 
one aerobe Gram-negative, one anaerobe Gram-positive, one anaerobe Gram- 
negative and one slow-growing microorganism) for the validation of the WGS 
workflow. The guidelines already developed for the validation of NGS in oncology 
and by the College of American Pathologists may serve as a model for worldwide 
guidelines of using NGS for pathogen detection [11, 12].

2.3  Whole-Genome Sequencing

Whole-genome sequencing (WGS) is here defined as the process of determining the 
complete DNA sequence of an organism from a sample that only contains that 
organism, e.g., a pure culture of bacterial isolate (as opposed to metagenomics 
which refers to the process of identifying the entire genomic material of a sample 
containing many organisms). This sample can contain the organism’s genome and 
other genetic elements (i.e. plasmids or phages) that can be present within the 
organism’s cell. Whole-genome sequencing has been applied in clinical and public 
health microbiology for several purposes, but we will focus on the four aspects we 
consider more important for this book chapter, i.e., outbreak management and infec-
tion prevention within the hospital, outbreak management and infection prevention 
within the region, transmission of zoonotic microorganisms between animals and 
humans and antimicrobial resistance characterisation.
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2.3.1  Outbreak Management and Infection Prevention within 
the Hospital

Until recently, pathogen surveillance was performed by laborious techniques, that 
could only discriminate to a certain level (i.e. multi-locus sequence typing [MLST] 
for bacteria, or gene-specific sequencing for viruses), were limited to one specific 
pathogen (i.e. spa typing in Staphylococcus aureus) or could not be efficiently 
shared between laboratories (i.e. pulsed-field gel electrophoresis [PFGE] -based 
typing results) [13]. WGS, in principle, has the advantage of being applicable to any 
pathogen and, in fact, one of the most widely used applications of WGS today is for 
outbreak surveillance and infection prevention within healthcare institutes and 
foodborne related infections within a defined region. Several studies have proven 
the usefulness of WGS-based typing for disclosing and tracing the dissemination of 
microbial pathogens and, to a lesser extent, of mobile genetic elements (MGEs). In 
Fig. 2.2, we show a simple example of how this can be achieved. At the UMCG, it 
has been used to characterise both antimicrobial-resistant Gram-positive and Gram- 
negative bacterial outbreaks within the hospital and also for transmission of MGEs 
between different bacterial isolates obtained from the same or different patients. 
Additionally, since in the Netherlands there is a strict policy of “search and destroy”, 
we have identified and characterised pathogens in the water and the environment 
that could have potentially resulted in transmission to patients, but that were under 
control through disinfection measures of the corresponding areas. A few examples 
are presented below.

In 2012, a newly emerging blaCTX-M-15 producing Klebsiella pneumoniae clone 
with sequence type (ST) 1427 was detected in a patient previously hospitalised in 
Germany, South-Africa and Gambia, who was admitted to the UMCG university 
hospital [14]. After 2.5  months, regular surveillance screening (once per week) 
identified two blaCTX-M-15 K. pneumoniae positive roommates of this patient. After 
whole-genome phylogenetic analysis and patient contact tracing, an epidemiologi-
cal link between the affected patients was identified. In total, five patients were 
involved in the outbreak, of which three developed an infection. In addition, envi-
ronmental contamination with the outbreak clone was found in the patients’ rooms 
[14]. Interestingly, there was  an in-host polymorphism detected among multiple 
isolates obtained from different body sites of the index patient, which were probably 
related to antibiotic treatment and/or host adaptation [14]. To prevent further spread, 
stringent infection control measures consisting of strict patient and staff cohorting 
were introduced. Contact screening up to 2 weeks after the discharge of all blaCTX- 

M- 15 K. pneumoniae positive patients revealed no further cases and the outbreak was 
declared to be under control after 3 months [14]. Unfortunately, due to the unavail-
ability of a single room at the time of admission and because initial screening results 
for highly resistant microorganisms were negative, the index patient was placed in 
a room shared with multiple patients, which enabled the spread of the resistant 
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K. pneumoniae and so, this study highlighted once more the importance of isolating 
patients previously hospitalised in countries with high rates of antimicrobial- 
resistant bacteria.

In 2014, a retrospective analysis of vancomycin-resistant Enterococcus faecium 
(VREfm) outbreaks that occurred in the UMCG was performed [15]. It included 75 
patients, but only 36 VREfm isolates obtained from 34 patients from seven VREfm 
outbreak investigations were analysed. The core genome MLST (cgMLST) analysis 
further divided the ST into different cluster types (CTs), however, only four 

Fig. 2.2 Illustration of a 
possible outbreak episode 
within the hospital and the 
role of NGS to understand 
transmission events
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different vanB transposons were found among the isolates. Within VREfm isolates 
belonging to ST117 CT103, two different vanB transposons were found, while, 
VREfm isolates belonging to ST80 CT104 and CT106 harboured an identical vanB 
transposon [15]. The presence of the same vanB transposon in VREfm isolates 
belonging to distinct lineages combined with the epidemiological data suggested an 
exchange of genomic material between VREfm and vancomycin-susceptible 
Enterococcus faecium (VSEfm). Thus, transposon typing resolved this series of out-
breaks and demonstrated that an outbreak can be caused by a mobile element rather 
than a specific strain. Transposons with low DNA sequence homology among them 
were also found indicating that they probably originated from other species [15]. 
The presence of insertion sequences originating from anaerobic bacteria suggested 
transposon acquisition from anaerobic gut bacteria by VSEfm [15]. The occurrence 
of these two events is an important factor in the emergence of (vanB) VREfm. This 
study highlighted the importance of analysing additional transposon structures to 
detect horizontal gene transfer between phylogenetically unrelated strains.

In 2017, we identified four isolates of Legionella anisa in water from dental chair 
units (DCUs) at the UMCG hospital dental ward [16]. Whole-genome sequencing 
combined with whole-genome MLST (wgMLST) analysis indicated that all four 
isolates (two isolates from the same chair) belonged to the same cluster with two to 
four allele differences. This suggested that a common contamination source was 
present in the dental unit waterlines, which was resolved by replacing the chairs and 
the main pipeline of the unit. L. anisa, the most common non-pneumophila 
Legionella species in the environment, has a role as the causative agent of 
Legionnaires’ Disease (LD) and Pontiac fever [17] and it may be hospital-acquired 
[18]. Although a direct link between the dental unit and the patients is rarely shown, 
the water delivered by the dental unit waterlines has been shown to be one of many 
possible sources for Legionella infection [19]. This highlights the need to monitor 
water quality to protect patients and health-workers from acquiring legionella, or 
other potentially pathogenic bacteria.

2.3.2  Outbreak Management and Infection Prevention within 
the Region

In collaboration with other regional, national and international reference centres, 
the UMCG has been characterising the transmission of relevant pathogens between 
institutions within the region and at the national and international level.

Between May 2012 and September 2013, the transmission of a blaCTX-M-15- 
producing Klebsiella pneumoniae ST15 occurred between patients treated in a sin-
gle centre [20]. Additionally, one of these patients was treated in three different 
institutions located in two cities and was involved in further intra- and inter- 
institutional spread of this high-risk clone (local expansion, blaCTX-M-15 producing, 
and containing hypervirulence factors). Environmental contamination and lack of 
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consistent patient screening were identified as the responsible factors for the dis-
semination of this specific clone. The design of a tailor-made real-time -PCR spe-
cific for the outbreak clone based on the whole-genome sequences of the 
strains allowed the early detection of this K. pneumoniae high-risk-clone with pro-
longed circulation in the regional patient population [20] and helped prevent further 
spread. This study raised awareness to the necessity for inter-institutional/regional 
collaborations for infection/outbreak management of relevant pathogens [20].

In a large cohort study, WGS was used for molecular characterisation of Shiga 
toxin-producing Escherichia coli (STEC) isolated from faeces of patients obtained 
from two regions in the Netherlands to reveal the relation between molecular deter-
minants and disease outcome [21]. STEC is a significant public health concern asso-
ciated with both outbreaks and sporadic cases of human gastrointestinal illness 
worldwide [22]. A subpopulation of STEC, the enterohaemorrhagic E. coli, can 
cause bloody diarrhoea in humans, and some can cause haemolytic uremic syn-
drome (HUS) [23]. This study concluded that there was no clear correlation between 
serogenotype, stx subtype or ST and disease outcome and the latter was probably 
influenced by other host factors. Additionally, this study demonstrated that  there 
was substantial genetic diversity and distinct phylogenetic groups observed in the 
two studied regions, showing that the STEC populations within these two geograph-
ically regions were not genetically linked [21].

More recently, a study was conducted to understand the epidemiology of resis-
tant bacteria, including extended-spectrum β-lactamase (ESBL)- and plasmid 
AmpC (pAmpC)-, and  carbapenemase (CP)-producing Enterobacteriaceae and 
vancomycin-resistant enterococci (VRE) across the Northern Dutch-German border 
region [24]. The Netherlands and Germany are bordering countries that created a 
cooperative network to prevent the spread of multidrug-resistant microorganisms 
(MDRO), such as ESBL and CP-producing Enterobacteriaceae and VRE, and to 
harmonise guidelines in healthcare settings as patients are regularly transferred 
between healthcare institutions within the two countries [25]. However, it was con-
cluded that cross-border transmission of ESBL-producing E. coli and VRE was 
unlikely, based on the cgMLST analysis performed [24]. Yet, the authors reinforced 
that continuous monitoring is required to control the spread of these pathogens and 
to stay informed about their epidemiology, in order to implement effective infection 
prevention measures [24].

2.3.3  Transmission of Zoonotic Microorganisms Between 
Animals and Humans

Human health is influenced by several factors in the environment, including contact 
with animals, animal products or contaminated habitats. At the UMCG, we are 
working in collaboration with other non-hospital institutions to understand the 
dynamics of transmission of microbial pathogens between humans, animals and the 
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environment. Figure 2.3 shows a model for early outbreak and infection prevention 
surveillance response that is needed due to detect spilling of new emerging infec-
tious diseases from non-human reservoirs to humans.

Recently, a K. pneumoniae clone (ST348) in a horse was found, which had 
previously been isolated from humans in Portugal and a few other countries [26–
31]. The allele differences provided by the cgMLST analysis suggested there was 
a genetic link, although an epidemiological link could not be found [32]. This 
indicated that either this particular clone is circulating in humans and horses in 
Portugal or there was a transfer of this particular isolate from a person to the horse 
during hospitalisation. In any case, this study demonstrated the importance of 
identifying and controlling this type of hospital-acquired infections, in both the 
human and veterinarian hospital settings, in order to avoid antimicrobial resis-
tance dissemination [32].

2.3.4  Antimicrobial Resistance Characterisation 
Through NGS

Before NGS, finding new mechanisms of antimicrobial resistance was demanding 
since it involved different laborious techniques (e.g. hybridisation, cloning or 
primer-walking sequencing) until the gene and/or mutation responsible for resis-
tance could be detected. With the entire genome sequenced through NGS, we can, 

Fig. 2.3 Model for outbreak and infection prevention surveillance
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by homology, identify potential new mechanisms. Further experiments can then be 
performed to determine if these genes are indeed responsible for the observed anti-
microbial resistance pattern [33].

In one study, a possible in vivo selection of a clinical Klebsiella oxytoca isolate 
showing increased minimum inhibitory concentrations to ceftazidime was 
described [33]. The patient had been treated with ceftazidime (4 g/day) for a septic 
episode caused by multiple bacterial species, including K. oxytoca, but after 11 days 
of treatment, another K. oxytoca was isolated from a pus sample drained from his 
wound. The wound isolate showed increased resistance to ceftazidime (MIC 
≥64 mg/L) compared with the original K. oxytoca isolate. WGS revealed the pres-
ence of a novel blaOXY-2 allele, termed blaOXY-2-15, with a two amino acid deletion at 
Ambler positions 168 and 169 compared to blaOXY-2-2. This report showed the risk of 
in vivo selection of ceftazidime-resistant K. oxytoca isolates after prolonged ceftazi-
dime treatment and it was the first description of a K. oxytoca isolate conferring 
resistance to ceftazidime by a two amino acid deletion in the omega loop of bla-
OXY-2-2 [33].

More recently, a novel nim gene was found in three metronidazole-resistant 
Prevotella bivia strains, the nimK gene, which was located on a mobile genetic 
element [34]. For decades, metronidazole has been the antibiotic of choice when 
dealing with anaerobic infections. However, metronidazole-resistant bacteria 
have been reported [35]. The nimK gene was associated with an IS1380 family 
transposase on a mobile genetic element that also contained a gene encoding an 
efflux small MDR (SMR) transporter associated with a crp/fnr regulator. This was 
the first description of the presence of a novel nim gene in metronidazole-resistant 
P. bivia clinical isolates [34]. The detection of MGEs harbouring nim and other 
relevant genes among anaerobic bacteria is worrying, because these elements may 
cause a rapid emergence of resistance to the most commonly used antibiotics in 
anaerobic infections.

2.4  Metagenomics

Metagenomics is here defined as the process of determining the complete DNA or 
RNA sequence(s), either after reverse transcription to cDNA or directly, of microor-
ganisms and/or viruses from a complex sample that contains several microorgan-
isms and/or viruses. This complex sample can contain the microorganisms’ genomes 
and other genetic elements (i.e. plasmids or phages) that can be present within the 
organisms’ cell or are freely floating in the sample. Sequencing of DNA, cDNA or 
RNA within a sample can be based on the amplification of (a) specific sequence(s) 
(amplicon-based or targeted  metagenomics) or on the entire genomes (shotgun 
metagenomics). We will focus this section on the use of metagenomics for three 
specific purposes that are currently under optimisation and implementation at 
the UMCG.
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2.4.1  Amplicon-Based Metagenomics of the 16S–23S rRNA 
Encoding Region

The conventional culturing method has long been considered the gold standard for 
bacterial identification. However, it can take days to weeks to successfully culture 
bacteria, as some clinically relevant bacteria are slow-growing, difficult to grow, 
fastidious or sometimes even non-culturable [36, 37]. The 16S rRNA gene has 
proven to be a useful molecular target since it is present in all bacteria, either as a 
single copy or in multiple copies, and it is highly conserved over time [38]. 
Consequenttly, until recently, most microbiome studies used this amplicon-based 
metagenomic approach to investigate the microbial communities of different body 
sites, and vast literature has been published using this technique.

Nonetheless, this method does not always allow the identification of bacteria to 
the species level due to high sequence similarities between some species [1]. To 
overcome this problem, Sabat and colleagues [39] developed an innovative approach 
based on the sequencing of the 16S–23S rRNA encoding region (~4.5  kb). The 
method proved to be superior to other commonly used identification methods and 
enabled concurrent identification of several pathogens in clinical samples that were 
negative by culture and PCR [39]. In order to further improve this method, an in- 
house database  was developed, which, combined with a de novo assembly and 
BLAST (Basic Local Alignment Search Tool) approach, significantly reduced the 
time needed for analysis [40].

2.4.2  Shotgun Metagenomics for the Identification and Typing 
of Microbial Pathogens

Several molecular detection techniques have been implemented in the diagnostic 
laboratory, but these are generally geared towards specific pathogens (e.g. specific 
RT-PCR or microarrays) and even when unbiased molecular approaches are used, 
such as 16S/18S rRNA gene sequencing, these do not provide all the information 
that can be obtained by culturing, e.g., antimicrobial susceptibility and molecular 
typing information [41]. For this reason, the use of shotgun metagenomics as a 
single method that could provide rapid identification and characterisation of clini-
cally relevant pathogens directly from a sample was evaluated [41]. As the complex-
ity of data analysis is a  challenge encountered in shotgun metagenomics, a 
comparison of a  diverse set of bioinformatics tools (commercial and non- 
commercial) was performed to investigate their performance in taxonomic classifi-
cation, antimicrobial resistance gene detection and typing [41]. Based on the results 
obtained, the authors concluded that the tools and databases used for taxonomic 
classification and antimicrobial resistance had a key impact on the results, suggest-
ing that efforts need to be directed towards standardisation of the methods if shot-
gun metagenomics is to be used routinely in clinical microbiology.
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A study was also conducted to optimise a shotgun metagenomics workflow for 
the identification and typing of Dengue viruses (DENV), a positive-stranded RNA 
virus, directly from clinical samples [42]. DENV infection continues to be one of 
the most prevalent arboviral diseases in tropical and subtropical regions [43]. 
Nevertheless, to date, there is no fully successful vaccine or specific treatment for 
DENV [44]. It is therefore essential to monitor circulating DENV. Genotyping is 
mostly based on sequencing parts of the genes coding for the structural proteins 
through Sanger sequencing of the E region [45] or the CprM region [46, 47]. 
However, these methods have poor resolution and do not allow for the detection of 
recombinant events and detection of escape mutants [42]. A shotgun metagenomics 
approach was used successfully to sequence whole genomes of DENV directly 
from clinical samples, without the need for prior sequence-specific amplification 
steps. The method enabled the identification of intra-host DENV diversity (quasi- 
species), detection of multiple DENV serotypes in a single sample and generation 
of phylogenetic trees to understand the dynamics of DENV. Results were obtained 
within 3 days and the associated reagent costs were low enough to be suitable for a 
clinical setting.

2.4.3  Shotgun Metagenomics to Characterise the Gut 
Microbiome/Resistome

In Europe, more than 80% of the total antibiotic consumption in the human sector 
is prescribed in the community, and the rate of prescription increases with age lead-
ing to collateral damage and antibiotic pressure. Although the importance of 
a healthy gut microbiome and the consequences of dysbiosis have been extensively 
reported, less is known about the resistome present in the healthy population [48]. 
A study was conducted at the UMCG to describe the gut resistome of healthy 
middle- aged people in Northern Netherlands, by using samples from the Lifelines 
cohort [49]. A total of 60 samples were sequenced, in which several resistance genes 
were identified, and among them the tetracycline resistance genes were predomi-
nant. No extended-spectrum β-lactamases (ESBLs) or carbapenemases were found 
[48]. This study highlighted the importance of monitoring healthy people to identify 
potential sources of antimicrobial resistance genes and implement effective control 
measures.

Another study characterised the human intestinal microbiota in faecal samples 
from STEC-infected patients. The objective was to investigate possible changes in 
the composition of the intestinal microbiota in samples from STEC-infected patients 
compared to healthy and healed controls [50]. The stool samples collected from the 
STEC infected patients had a lower abundance of Bifidobacteriales and Clostridiales 
members in comparison to controls where these microorganisms predominated. 
This was the first evidence that changes occur in the intestinal microbiota of patients 
with STEC infection and it highlighted the importance of metagenomics for the 
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culture-independent diagnosis of infection, as it was able to detect genomic traits 
associated with STEC in stool samples from infected subjects [50].

2.5  Clinical Impact of NGS

The above-mentioned examples show the power of NGS in the clinical microbiol-
ogy laboratory. In addition, there is an increasing interest in NGS for clinical micro-
biology both by laboratories and companies. This becomes clear when looking at 
the enormous increase in the number of symposia and capacity building workshops 
related to these topics, and in the available  software (commercial and non- 
commercial) to be used for analyses of shotgun metagenomics and WGS data. We 
anticipate that the use of  NGS in medical microbiology laboratories will fur-
ther increase over the next years, not only for the characterisation and surveillance 
of pathogens, the investigation of outbreaks, infection prevention and the detection 
of novel resistance genes but also for the application of metagenomic approaches 
in clinical samples for (routine) molecular diagnostics. The latter will have a signifi-
cant impact on the diagnosis of infectious diseases, on understanding host-pathogen 
interactions [12], and on the correlation between genotype (provided by NGS) and 
phenotype [51]. However, the NGS workflow  needs further improvement, espe-
cially for shotgun metagenomics, to shorten the turnaround time and further reduce 
costs [1], and to ensure the quality and reproducibilityof the results (including vali-
dation and external proficiency testing). Although these and other challenges need 
to be tackled, we are convinced that NGS will become a powerful tool within the 
clinical microbiology laboratory and will lead to a personalised approach for diag-
nosing and monitoring treatment of infectious diseases.
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