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General introduction

Over millions of years of co-evolution, microorganisms (including bacteria, archaea, 
fungi, protists and viruses) have adapted to form microbial communities that occupy 
virtually every accessible environmental niche, such as in or on living organisms (plant 
or animal life), soil, oceans, and air. There, these microbial communities can participate 
in important biological processes, such as biogeochemical processes that sustain life 
on our planet.1 Humans also possess such microbial communities, where microorgan-
isms usually live in close harmony with their human host, and with each other, forming 
symbiotic relationships that have a central role in the development and promotion of 
human health and disease.2 The current recognition of the essential importance of these 
communities means that the microbial composition, structure and function of a wide 
variety of microbial communities are now being actively investigated by the scientific 
and medical community, from microbial communities on the International Space Station 
(ISS) to communities collected from many different human body sites here on earth.3,4 
Importantly however, the rapid increase of research activities within this field has been 
accompanied by confusion in the vocabulary used to describe different aspects of the 
microbial communities and environments under investigation. In order to avoid confu-
sion, in this thesis the terms used to describe microbial community analysis are based 
on those terms defined previously by Marchesi and Ravel: microbiota, metagenome and 
microbiome.5

The microorganisms present within a defined environment is referred to as the micro-
biota, and the assemblage of their genomes (i.e. genes) as the metagenome. The term 
microbiome refers to the entire habitat, including the microbiota, metagenome and the 
surrounding environmental conditions (Figure 1).

History of microbiome research

Early investigations into the microbial communities from different environments fo-
cused on traditional techniques for isolating and culturing individual microorganisms. 
Although these culture-based methods were able to determine the viable population 
within a particular environment using broad-range or selective artificial growth media, 
obtaining a comprehensive overview of the microbial communities using these cultur-
ing methods was proven difficult as many microorganisms require specific growth 
conditions that cannot be (easily) mimicked within a laboratory environment.6 How-
ever, more recent advances in technologies able to detect the presence of microbial 
genes (via DNA amplification and sequencing), such as the polymerase chain reaction 
(PCR),7 dideoxy termination sequencing (Sanger sequencing),8 and more recently next-
generation sequencing (NGS),9 means that it is now possible to detect a theoretically 
unlimited number of microorganisms, present in all kinds of microbial samples, using 
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a culture-independent approach. Specifically, Venter and colleagues were the first re-
search group to apply DNA sequencing-based methods on a large scale in order to study 
microbial dynamics within environmental samples.10 As a proof of concept, Venter et al. 
investigated water samples obtained from the Sargasso See, as it was thought that this 
region of the North Atlantic Ocean contained only a small number of microbial species 
due to its low nutrient levels. Surprisingly however, their research revealed the presence 
of at least 1,800 different microbial species, including 148 new bacterial species and 
over 1.2 million previously unknown genes. This pioneering research illustrated that 
DNA sequencing-based methods, which are not hampered by the traditional limitations 
associated with microbial culture, generate more comprehensive characterizations of 
microbial communities.

The human microbiome and associations with disease

In 2006, Gill and colleagues used the same culture-independent methodology, as de-
scribed by Venter et al., in order to study the human microbiome.11 Their study revealed 
that the microbiome of the human gastrointestinal tract encodes for a larger portion of 
metabolic pathways – that are important for a healthy human’s metabolism – than the 

Microbiome
metagenome combined 
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Figure 1. Differentiation of terms used to describe different aspects of research that focus on microbial 
communities and their environments.
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human genome itself. This finding highlighted the crucial importance of the human gut 
microbiome in health and lay the groundwork for further research to discover new as-
sociations between the human microbiota and disease. In the following years, a tremen-
dous amount of (circumstantial) evidence has been collected to suggest a crucial role 
for the human gut microbiota in health and disease, including for example, in allergic 
diseases,12-14 inflammatory bowel diseases,15,16 and metabolic diseases.17,18 Additionally, 
recent discoveries also suggest that the gut microbiota are able to influence psycho-
logical disorders, such as anxiety and depressive-like behaviours, via the gut-brain axis.19 
However, the best evidence to indicate the importance of the human gut microbiota in 
health and disease comes from the clinic, where patients are treated with antibiotics. 
Antibiotics change the normal composition of the healthy gut microbiota, generating 
dysbiosis and facilitating the overgrowth of pathobionts such as Clostridium difficile bac-
teria, which are responsible for recurrent diarrhoea.20 Patients infected with C. difficile 
may be transplanted with a healthy gut microbiota that restores the healthy microbial 
gut composition, thereby reversing dysbiosis and preventing recurrent episodes of diar-
rhoea. These so-called faecal microbiota transplantations (FMT) have proven to be more 
successful for treating recurrent C. difficile infections than prescribing yet more antibiot-
ics in order to try to kill or inhibit the overgrowth of C. difficile.21 Interestingly, FMT has 
also showed promising results for patients diagnosed with Crohn’s disease as well.22,23

The importance of microbiota detection in routine clinical microbiological 
diagnostics

The culture-independent microbiota profiling methods used to detect and identify all 
microbial taxa within a sample should be available not only for research purposes, but 
also to routine clinical microbiological diagnostics, where the detection and identifica-
tion of microbial pathogens is the major step in establishing appropriate antimicrobial 
treatment for infectious diseases. For a long time, routine clinical microbiological diag-
nostic testing has been performed almost exclusively using culture-based methods that 
have been highly optimized for the efficient cultivation of known clinically-relevant mi-
croorganisms. However, the causative agent of an infection may not always be detected 
using current ‘gold standard’ culturing methods and, therefore, culture-independent 
molecular detection methods are required to identify ‘non-culturable’ microorganisms. 
For example, the discovery of the causative pathogens of bacillary angiomatosis (Bar-
tonella quintana) and Whipple’s disease (Tropheryma whipplei) were made possible using 
Sanger sequencing-based methods, as both aerobic bacteria are very difficult to culture 
in a laboratory.24,25 In addition, the use of NGS-based methods has also been shown to 
improve the detection of obligate anaerobic bacteria in clinical samples.26,27 Obligate an-
aerobes are known to cause serious infections, yet their detection may be sub-optimal 
within routine clinical microbiological diagnostic laboratories as special precautions 
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are required to help preserve the anaerobic environment during specimen collection, 
transport and culture.28 Therefore, culture-independent microbiota profiling methods 
could play an important role in the identification of the aetiology of anaerobic infec-
tions, or any other infections caused by fastidious and/or unexpected microorganisms. 
A second important point is that obtaining a comprehensive overview of polymicrobial 
populations within clinical samples means that the whole microbial community per se 
could be taken into account when making clinical decisions. However, before steps can 
be taken to implement such testing in the routine clinical microbiological diagnostic 
laboratory, it is important to understand the current NGS-based methodologies avail-
able for characterizing microbial communities, and the potential pitfalls and biases that 
can influence the results obtained. Armed with this information, the aim and outline of 
the current thesis will become clearer to the reader.

NGS-based methodologies for characterizing microbial communities

The advent of NGS has enabled researchers to investigate the composition and function 
of microbial populations in very diverse environments with unprecedented resolution 
and throughput. Currently, the majority of these investigations apply NGS by focussing 
on either targeted amplicon sequencing with the 16S ribosomal RNA (rRNA) gene as 
phylogenetic target (i.e. 16S rRNA gene NGS) or on shotgun metagenomics. A general 
overview of both methods is shown in Figure 2 and the strengths and weaknesses of 
each method will be discussed in the following section.

Targeted amplicon sequencing. Amplicon sequencing methods have been widely 
used as a targeted approach for characterizing microbial communities. Here, DNA is 
extracted from all cells in a sample and subjected to PCR amplification using a taxonomi-
cally informative genetic marker that is common to virtually all microorganisms of inter-
est. The resultant amplicons are sequenced and then characterized using bioinformatics 
tools in combination with reference databases to determine which microorganism are 
present in the sample and at what relative abundance. Advances in this technology 
now mean that the latest amplicon-based NGS protocols enable extensive multiplexing, 
which allows researchers to process and analyse millions of PCR amplicons derived from 
hundreds of samples on a single NGS-run.29

The 16S rRNA gene is by far the most established genetic marker used for prokaryotic 
identification and classification ever since Woese and Fox first utilized rRNA sequence 
characterization to define the three domains of life in 1977.30 Because the 16S rRNA gene 
encodes for the RNA component of the small subunit (SSU) of prokaryotic ribosomes, 
which performs essential functions within the translation process, it is present among 
all bacteria and archaea and possess a slow rate of evolution that allows researchers to 
infer microbial phylogenetic relationships. The 16S rRNA gene is approximately 1,500 
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base pairs (bp) in size and its gene structure is defined by an alteration of nine highly 
conserved and nine hypervariable regions (V1-V9). The conserved regions can serve as 
universal primer binding sites for the PCR amplification of gene fragments, whereas the 
hypervariable regions contain considerable sequence diversity, useful for prokaryotic 
identification.31 By comparing these hypervariable regions to 16S rRNA gene sequences 
of designated type strains that are available on large public databases (e.g. SILVA, RDP, 
GreenGenes, or NCBI), researchers can obtain accurate taxonomic identifications of 
prokaryotic taxa.32-35 However, it is important to note that the sequencing of partial 16S 
rRNA genes, which is currently the most commonly used microbiota profiling strategy, 
often lacks the discriminatory power to differentiate prokaryotes at the species taxo-
nomic level and is generally restricted to genus-level classifications.36 For this reason, 
there has been a continuous search for alternative marker genes that can improve 
phylogenetic resolution among prokaryotic species. For example, sequence-based 
analysis of the rpoB gene has previously been demonstrated to improve the discrimina-
tive power for characterizing prokaryotic species (when compared to 16S rRNA gene 
sequencing methods) among several bacterial families and genera, including Bacillus,37 
Enterobacteriaceae,38 Staphylococcus,39 and others.40 The rpoB gene encodes the highly 
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Figure 2. General overview of 16S rRNA gene NGS and shotgun metagenomics methods. Both methods 
start with the extraction of nucleic acids from a microbial sample. Next, the extracted DNA is either subject-
ed to 16S rRNA gene PCR amplification (16S rRNA gene NGS) or sheared into small DNA fragments (shotgun 
metagenomics). The resultant 16S rRNA gene amplicons, or sheared DNA fragments, are sequenced using 
NGS-based techniques. Finally, all sequence data are processed using an extensive array of bioinformatics 
algorithms that allows the researcher to explore the taxonomic composition and/or the functional capacity 
of the sample tested.
OTU = operational taxonomic units, a group of very similar sequences.
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conserved beta subunit of the prokaryotic RNA polymerase and apparently possesses 
the same key attributes as the 16S rRNA gene.41 However, 16S rRNA gene sequencing 
studies profit from the massive amounts of sequence information already available in 
large publicly accessible reference databases. Hence, although alternative phylogenetic 
markers such as rpoB (and many others) are very promising,42 these biomarkers still 
face the challenge of competing with thousands of publications that utilize extensive 
databases of 16S rRNA gene sequencing information.

The characterization of eukaryotic communities is also an active research area that 
often employs targeted amplicon sequencing approaches. For this, the 18S rRNA gene, 
which is the eukaryotic nuclear homologue of the 16S rRNA gene in prokaryotes, have 
been used as a genetic marker in studies investigating fungi and protists. For example, 
novel phylogenetic groups of fungal microorganisms have been defined using 18S rRNA 
gene based sequencing,43 and a diversity of small eukaryotes were for the first time 
reported at high ocean depths (250 – 3,000 meters) using the same method.44 Despite 
these efforts, a multi-laboratory consortium proposed the nuclear ribosomal internal 
transcribed spacer (ITS) region as the primary genetic marker for fungi in 2012.45 The 
ITS region was preferred over the 18S rRNA gene due to the higher sequence variability 
in the ITS region and the presence of a more curated and comprehensive reference 
database. Nevertheless, it is argued that the uneven lengths of ITS fragments may pro-
mote preferential PCR amplification of shorter ITS sequences that could lead to a biased 
quantification of relative abundances of fungal taxa and, therefore, the (additional) use 
of non-ITS targets in sequencing-based microbiota studies for fungi is desirable.46

Finally, the detection and characterization of viruses requires a different detection 
approach altogether. Unlike for cellular life forms, there is not a single gene or genomic 
region that is homologous across all viral genomes.47 For virus detection, microarrays 
that span the ‘middle ground’ between NGS-based and PCR-based methodologies have 
been developed. These microarrays are designed to detect known viruses (including 
phages), sometimes in combination with the simultaneous detection of prokaryotes 
and microbial eukaryotes.48-50 The main advantage of these methods is the ability to 
simultaneously test for the presence of hundreds of viruses in a single assay and thereby 
remove the need for an a priori knowledge of the presence of a suspected virus. How-
ever, the range of detectable viruses is limited by the content of the viral probes that are 
initially spotted on the detection microarray, which may not represent the full genetic 
diversity of a viral community derived from a microbial sample.

Shotgun metagenomics. Shotgun metagenomics is an alternative approach to char-
acterize microbial communities that, in contrast to targeted amplicon methods, uses 
the entire nucleic acid content of a microbial sample and produces relative abundance 
information for all genes, functions and microorganisms. Here, nucleic acids are again 
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extracted from the sample, but are sheared into small fragments that are independently 
sequenced. The first shotgun metagenomics approaches to characterize microbial com-
munities used cloned libraries to facilitate DNA sequencing using automated Sanger 
sequencing instruments.10,11 However, advances in NGS technologies mean that the 
cloning step is no longer necessary and greater yields of sequencing data can be ob-
tained without this cloning bias-sensitive, labour-intensive and costly step.

Since shotgun metagenomics is PCR-independent and, therefore, not biased by prim-
ers designed on the basis of expectations of sequence conservation, this method is able 
to detect microorganisms which may not be detected using targeted amplicon-based 
NGS methods. For example, Brown and colleagues described a notable subset of bacte-
rial taxa – known as candidate phyla radiation (CPR) bacteria – that could evade detec-
tion by 16S rRNA gene NGS methods due to self-splicing introns and proteins encoded 
within their rRNA genes, both because they occur in regions targeted by PCR primers 
and because they increase the length of the target sequence.51 Of note, four members 
of the Thiotrichaceae family are the only other bacteria outside the CPR known to have 
self-splicing introns within their 16S rRNA genes, illustrating their rarity in bacteria.52 In 
addition, there are no broad-range genetic markers for viruses as mentioned before. 
For that reason, shotgun metagenomics has revolutionized the field of virology with 
comprehensive applications that includes viral detection and virus discovery in clinical 
and environmental samples.53,54 In fact, the genomes of DNA viruses can be recovered 
through shotgun metagenomics of DNA that was directly extracted from a sample, 
whereas extracted RNA has to be converted to complementary DNA (cDNA) first in order 
to detect RNA viruses.55

Obtaining genome sequences using shotgun metagenomics improves the research-
ers’ ability to discriminate microorganisms on a species-level, or even strain-level, 
taxonomically. This is in contrast to 16S rRNA gene NGS methods that offer often limited 
resolution at lower taxonomic levels due to the high sequence conservation at these 
taxonomic levels of the amplicons produced.36 The identification of microbial strains is 
of particular importance during epidemic outbreaks caused by microorganisms, where 
rapid and accurate pathogen identification and characterization is essential for the 
management of individual cases and of an entire outbreak. For example, the genome 
sequence of the outbreak strain of Shiga-toxigenic Escherichia coli (STEC) 0104:H4, which 
caused over 50 deaths in Germany in 2011, was reconstructed early in the outbreak 
using a culture-dependent whole-genome sequencing method.56 As a result, rapid 
PCR screening tests were quickly developed using the available genome sequence,57,58 
which aided in tracing back the source of the outbreak to fenugreek seeds from Egypt.59 
Importantly, two years later, researchers were able to reconstruct the genome sequence 
of this outbreak strain using shotgun metagenomics directly on faecal samples that 
were collected from subjects during the outbreak.60 This result highlights the potential 
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of shotgun metagenomics to identify and characterize pathogens directly from (clinical) 
samples and supports its future prospective use during outbreaks of life threatening 
infections caused by unknown pathogens.

Finally, shotgun metagenomics provides access to the functional gene composition 
of microbial communities and thus gives a much broader description of microbial 
community genetics than single gene phylogenetic surveys. In general, functional an-
notation involves two steps, namely gene prediction and gene annotation. During the 
gene prediction step, various bioinformatics algorithms are used to determine which 
sequences may (partially) encode proteins. Once identified, protein coding sequences 
are compared to a database of protein families and functionally annotated with the 
matching family’s function.61 This information can then be used to discover new genes 
and to formulate functional pathways.62 Importantly, since shotgun metagenomics 
generally targets genomic DNA, it cannot distinguish whether the predicted genes are 
actually expressed under particular conditions. The measurement of gene expression 
can be achieved by using metatranscriptomics approaches,63 which are beyond the 
scope of this chapter.

Experimental pitfalls and biases

Regardless of the types of microorganisms targeted, or the methodology used to char-
acterize them, choices made at every step – from sample handling to data analysis – can 
have a serious impact on biasing the final results obtained. The effects of bias can lead to 
the discovery of spurious correlations and to missing true correlations. Therefore, it is rec-
ommended that technicians and researchers use synthetic microbial community (SMC) 
mixes (also known as mock samples), containing multiple fully-characterized microbial 
species, in order to calibrate their chosen protocols and identify biases introduced by 
their techniques.64 In the following section, the focus is primarily directed towards the 
potential biases created for protocols utilizing 16S rRNA gene NGS methods, which are 
shown in Figure 3. This is because 16S rRNA gene NGS methods are more rapid, less 
complicated and cheaper compared to techniques such as shotgun metagenomics and 
therefore more likely to be implemented in routine (clinical) microbiological diagnostic 
laboratories within a shorter timeframe.

Sample handling. The choice of the most optimal sampling protocol depends on 
the sample type to be investigated. However, they all have in common that samples 
are transported to the laboratory and stored for a certain period of time before these 
samples are processed. The transport and storage conditions of biological samples are 
important factors that can impact DNA yield and DNA quality prior to microbiota inves-
tigations. Therefore, several studies have evaluated how different storage and transit 
conditions may affect the stability of the microbial composition. For example, Carroll et 
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al. demonstrated microbial stability of faecal samples over a 24-hours period at room 
temperature and 6 months of long-term storage at -80°C.65 Others have shown that stor-
age of faecal samples for three days at room temperature did not aff ect total DNA purity 
and relative 16S rRNA gene contents,66 but that DNA became fragmented when samples 
were inconsistently freeze thawed or when samples had been kept for over 2 weeks at 
room temperature.67 Interestingly, a recent study by Shaw et al. illustrated that faecal 
samples stored for more than 2 years at -80°C are still largely representative of the origi-
nal microbial community composition.68 Although these studies show that the eff ects of 
storage and transit conditions on microbial diversity and structure are surprisingly small 

Step 1: sample collection
• Sampling protocol
• Transport and storage conditions
• Contamination

Step 2: DNA extraction
• Lysis method
• Contamination

Step 3: PCR amplification
• Selection of PCR primers 
• PCR competition effects
• Chimera formation
• Contamination

Step 4: next-generation sequencing
• Technical limitations of the NGS-platform

Step 5: bioinformatics analysis
• Choice of algorithms and their settings
• Quality/completeness of reference databases

Figure 3. Schematic overview of the workfl ow for 16S rRNA gene-based analysis of microbial communities, 
showing the potential biases created for each step of the process.
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for faecal samples, the most widely accepted protocols for optimal preservation involves 
immediate freezing followed by long-term storage at -80°C.69

DNA extraction. All DNA-based methods, including 16S rRNA gene NGS methods, rely 
on the effective lysis of microorganisms to liberate genomic material for downstream 
analysis. In order to achieve effective lysis, several procedures have been developed, in-
cluding the chemical or mechanical disruption of cells, lysis using detergents, or a com-
bination of these approaches. However, some cell types may resist common mechanical 
or chemical lysis methods that may result in important differences in the performance of 
commercially available DNA extraction kits.70,71 For example, some methods have been 
previously shown to yield in a reduced recovery of Gram-positive microorganisms com-
pared to Gram-negative microorganisms (presumably due to differences in the compo-
sition of the respective microbial cell envelopes),72 and an effective cell lysis becomes 
even more problematic for microorganisms whose cell envelope contains the difficult 
to lyse component mycolic acid, such as in mycobacteria.73 Essentially, the choice of 
the most optimal DNA extraction method is greatly dependent on the sample type and 
target microbial species to be investigated, but should be employed consistently within 
a microbiota study.

Contaminating DNA. The validity of microbiota results is threatened by the presence 
of contaminating DNA derived from the (laboratory) environment and/or the reagents/
consumables used during sample processing. For example, PCRs may yield billions of 
amplicons, which combined with the extreme sensitivity of PCR amplification, means 
that there is a high risk of amplicon contamination within research and diagnostic 
laboratories that regularly use PCR. For this reason, many laboratories spatially separate 
pre- and post-PCR steps in order to limit the risk of amplicon cross-contamination be-
tween distinct PCR experiments. Additionally, Glassing et al. showed that commercially 
available DNA extraction and PCR amplification kits may generate up to 20,000 16S 
rRNA gene sequences, representing more than 80 prokaryotic genera, even without 
the addition of any sample.74 These contamination issues are particularly important for 
the accurate analysis of the microbial composition of low biomass samples. Salter et al. 
clearly illustrated how contaminating DNA can affect the microbiota results obtained.75 
These researchers sequenced a pure culture of the bacterium Salmonella bongori as well 
as a series of diluted versions and showed that DNA contamination increased with each 
dilution and quickly drowned out the original S. bongori signal. Therefore, in order to 
minimize the chance of erroneous conclusions derived from microbiota surveys, it is 
essential that negative extraction controls (specifically, template-free ‘blanks’ processed 
with the same DNA extraction and PCR amplification kits as the actual samples) be 
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included in 16S rRNA gene NGS protocols in order to allow for the identification of 
amplicon sequences that originate from DNA contamination.

Selection of 16S rRNA gene PCR primers. Universal 16S rRNA gene PCR primer sets are 
designed to amplify as many different 16S rRNA gene sequences from as wide a range 
of prokaryotic species as possible. However, it is well-known that there are no suitable 
100% conserved regions of the 16S rRNA gene available for PCR amplification, which 
can lead to inaccurate microbiota profiles due to inefficient PCR primer binding. In order 
to ensure the detection of the specific microbial taxa of interest in a particular study, 
several researchers have reported on the adaptation of universally applicable 16S rRNA 
gene PCR primer sets via the introduction of degenerate base pairs at the positions of 
16S rRNA gene/primer sequence mismatches.76,77 In addition, the multiple hypervari-
able regions of each 16S rRNA gene exhibit different degrees of sequence diversity 
resulting in an ongoing debate about the most efficient hypervariable regions to be 
used for accurate phylogenetic analysis and taxonomic classification.78,79 However, the 
choice for a particular hypervariable region also depends on the technological limita-
tions of the NGS-platforms used. For example, the short length of the 16S rRNA gene 
V4 region (~250 bp) allows for a full overlap of DNA sequences that are obtained from 
both ends of the PCR amplicon using Illumina’s MiSeq NGS-platform, which is currently 
the most commonly used NGS-platform. This strategy generates the lowest error rates, 
which have resulted in more accurate taxonomic classifications, compared to the results 
obtained from the not completely overlapping V3-V4 and V4-V5 regions.29 Indeed, the 
amplification and sequencing of multiple hypervariable regions,64 or even the genera-
tion of (near) full-length 16S rRNA gene sequences using upcoming third generation 
sequencing platforms,80,81 give the most complete description of microbiota profiles 
within a microbial sample.

PCR competition effects. Although often neglected in 16S rRNA gene NGS studies, PCR 
is a competitive process meaning that the presence of multiple 16S rRNA gene template 
molecules in a single reaction tube may lead to the preferential PCR amplification of a 
subset of 16S rRNA gene targets that amplify more efficiently compared to other 16S 
rRNA gene targets.82 These differences in template DNA amplification efficiencies may 
lead to inaccurate microbiota profiling results. There are several mechanisms (relating to 
the differences in 16S rRNA gene target sequence composition) that could lead to such 
preferential PCR amplification, including primer binding capacity, sequence length, and 
GC-content.82,83 However, compensating for these different amplification efficiencies re-
quires optimized PCR conditions that guarantee equal amplification efficiency for each 
individual 16S rRNA gene target, which is practically impossible when investigating 
polymicrobial samples of unknown composition. An extra complication based on our 
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own experience investigating clinical samples (Chapter 4, this thesis), is that PCR ampli-
fication efficiencies of 16S rRNA gene template molecules may be reduced in samples 
that contain high levels of human DNA and low levels of prokaryotic DNA, probably via 
the formation of competing non-specific amplicons. Thus, although NGS is a very sensi-
tive detection platform, differences in PCR amplification efficiency of 16S rRNA gene 
targets within a polymicrobial sample may lead to a biased (and even false) outcome of 
the original sample composition. Therefore, methodological steps should be taken to try 
to reduce the effect of PCR amplification efficiency bias.

Chimera formation. 16S rRNA gene PCRs will generate chimeric amplification products 
(whereby a single DNA amplicon comprises sequences that originate from multiple dif-
ferent 16S rRNA genes), which may be falsely interpreted as a novel microorganism or 
an existing but absent microorganism, thus inflating the apparent sample richness (i.e. 
the number of microbial taxa present within a sample). The most commonly described 
mechanism of chimera formation involves prematurely terminated PCR products that 
can serve as PCR primers to amplify related template DNA molecules on subsequent 
PCR cycles.84 In addition, chimera formation might also occur due to template-switching 
events during DNA synthesis,85 or via the incorporation of random DNA fragments, 
such as shortened PCR primers and degraded amplicons that might be produced by 
proofreading enzymes during PCR amplification.86 Importantly, chimeras are frequent 
artefacts in 16S rRNA gene NGS studies and have been detected at a frequency of up to 
30%, although the frequency of chimera production decreases, as expected, when tem-
plate DNA similarity diminishes.87 In order to reduce the chance of chimera formation, 
optimized PCR protocols have been proposed that include the use of a highly processive 
polymerase and a minimized number of PCR cycles,88 but no method has been shown 
to eliminate these artefacts entirely. In addition, numerous computational approaches 
have been developed over the years to detect and remove chimeric sequences from 
16S rRNA gene NGS datasets,84,89-91 but these different methods often disagree with one 
another.84,92 Thus, chimeras continue to be of a major cause of concern to researchers 
performing 16S rRNA gene NGS research, and even more disturbing, public 16S rRNA 
gene reference databases are already suspected of containing a significant number 
of chimeric sequences that further complicate the reliable taxonomic classifications 
obtained from 16S rRNA gene NGS experiments.90 Optimized methodologies need to 
be developed that reduce the generation of chimeric amplification products without 
relying on bioinformatics-based chimera identification and filtering steps.

Bioinformatics analysis. The analysis of 16S rRNA gene NGS data requires an extensive 
array of bioinformatics algorithms that are involved in computational intensive steps 
such as quality filtering, operational taxonomic units (OTU) clustering, and sequence 
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classification. Currently, there are many different bioinformatics algorithms available 
for this purpose, which makes it difficult for non-bioinformatics educated scientists to 
identify the most accurate approaches for 16S rRNA gene NGS analysis. Importantly 
however, multiple studies have shown that the choice of certain bioinformatics algo-
rithms and their settings can affect the final microbiota results obtained.93,94 For this 
reason, popular open-source programs, such as mothur and QIIME, have aided in these 
issues through rewriting specific bioinformatics algorithms (e.g. mothur) or combining 
original published bioinformatics algorithms (e.g. QIIME) into single optimized software 
packages.95-96 These programs have excellent online tutorials and forums to further 
support the (inexperienced) user, but their use remains complex as both programs 
have implemented a collection of command-line tools that represent a large number 
of bioinformatics algorithms and settings. Therefore, there remains a strong need for 
‘easy-to-use’ bioinformatics pipelines that can be operated by non-bioinformatics edu-
cated users, including most employees in routine (clinical) microbiological diagnostic 
laboratories.

In summary, the experimental pitfalls and biases that are described in this chapter frus-
trate the standardization of the many 16S rRNA gene NGS protocols currently published. 
Standardization of methods is arguably best-practice to ensure quality, as well as a ne-
cessity to compare results obtained in different laboratories. Although the urgent need 
for standardized 16S rRNA gene NGS protocols has been recognized in recent years,97 
improvements in reproducibility and accuracy are still required before these methods 
can make the transition from research tool to diagnostic applications.
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Aim and outline of the thesis

The overall aim of this thesis was to develop and validate an accurate and standardized 
16S rRNA gene NGS platform for use in the routine (clinical) microbiological diagnostic 
laboratory. For this, several issues relating to the previously described experimental 
pitfalls and biases of current 16S rRNA gene NGS protocols needed to be overcome. 
These include inevitable PCR amplification biases, such as chimera formation and PCR 
competition, and the introduction of contaminating DNA derived from the laboratory 
environment and reagents used in the experimental set-up. In addition, analysis of 16S 
rRNA gene NGS data requires a combination of bioinformatics skills and computational 
resources that is nowadays mostly absent in routine (clinical) microbiological diagnostic 
laboratories. In this respect, special emphasis has been placed on: i) the development 
of a novel PCR amplification protocol to reduce chimera formation and PCR competi-
tion biases, ii) the development of a protocol to remove DNA contamination from 16S 
rRNA gene NGS results, and iii) the establishment of an ‘easy-to-use’ and fully automated 
bioinformatics pipeline for 16S rRNA gene NGS data analysis (in conjunction with col-
leagues from the Department of Bioinformatics at the Erasmus MC).

Chapter 1 contains a general introduction and short outline of the thesis. This intro-
duction particularly focusses on the experimental pitfalls and biases associated with 
current microbiota profiling research that could for example easily result in erroneous 
conclusions of associations between the human microbiota and disease. In Chapter 2, 
we described a ‘Ten-E’ protocol that can be used by scientists and clinicians to quickly 
and critically evaluate claims derived from microbiota-based research. The subsequent 
six chapters are then divided into two themes relating to the development (Chapters 
3, 4, 5, 6) and the evaluation (Chapters 7 and 8) of the newly developed 16S rRNA gene 
NGS platform referred to as ‘MYcrobiota’.

Current 16S rRNA gene NGS methods involve PCR amplification protocols that simul-
taneously amplify multiple 16S rRNA gene template molecules in a single reaction tube. 
Such multi-template PCRs are known to generate chimeric amplicons and can also be 
affected by PCR competition effects, thereby reducing the accuracy of 16S rRNA gene 
NGS results. To overcome these limitations, we first developed a novel micelle-based 
PCR (micPCR) amplification strategy, which is described in Chapter 3. In Chapter 4, we 
described the addition of an internal calibrator (IC) to our micPCR protocol, which allows 
for the standardization of microbiota profiling results, thereby generating quantitative 
microbiota profiles and facilitating the subtraction of contaminating DNA. In order to 
develop a comprehensive 16S rRNA gene profiling platform, we provided access to com-
plex command-line bioinformatics tools via the ‘Galaxy mothur Toolset (GmT)’, which al-
lows non-bioinformatics educated users to build and apply bioinformatics pipelines for 
16S rRNA gene NGS data analysis through an ‘easy-to-use’ Galaxy web interface (Chap-
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ter 5).   Chapter 6 describes how a dedicated GmT-based bioinformatics pipeline was 
coupled to our specific micPCR use-case in order to generate an ‘end-to-end’ microbiota 
diagnostic analysis service. The resulting platform (MYcrobiota) was evaluated for use in 
the field of routine clinical microbiological diagnostics by processing a range of clinical 
samples and comparing the results obtained using MYcrobiota to those obtained using 
routine culture-based methods.

In Chapter 7, the performance of MYcrobiota to detect bacterial DNA in clinical 
samples was further evaluated. In this respect, we analysed low biomass joint fluids 
obtained from patients suspected of bacterial septic arthritis and compared the results 
from MYcrobiota to routine cultures. Additionally, in Chapter 8, the universal applicabil-
ity of MYcrobiota was assessed by employing the methodology as a microbial monitor-
ing tool in the field of drinking water management. Here, the microbial dynamics was 
investigated within an operational drinking water distribution system using MYcrobiota 
and conventional techniques (including heterotrophic plate counts, adenosine triphos-
phate measurements and flow cytometry) as comparator.

Chapter 9 summarizes and discusses the research presented in the thesis, as well 
as the future perspectives of MYcrobiota and microbiota profiling per se for use in the 
routine (clinical) microbiological diagnostic laboratory. Finally, the main findings of the 
thesis are summarized in Dutch in Chapter 10.
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