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The human microbiota plays a critical role in health and disease (Chapter 1). 16S ribosomal 
RNA (rRNA) gene profiling provides the foundation for modern microbiota studies, boosting 
microbiota research and leading to a tremendous amount of publications exploring the 
possible role of the human microbiota in health and disease. This method can also be 
very valuable for the clinical microbiology because theoretically it enables detection and 
identification of an unlimited number of bacteria present in a specimen and permits (semi)
quantitative information about the composition of a microbial community. Although 16S 
rRNA gene profiling is a very straightforward method its usability may be reduced due to 
its limited resolution to the genus level.

The aim of this thesis was to evaluate the clinical utility of 16S rRNA gene profiling, 
more specifically to explore whether 16S rRNA gene profiling can be used as a direct 
diagnostic tool for identification of clinically relevant microorganisms or as an indirect 
tool for evaluation of existing diagnostic methods and therapies. In addition, we explored 
whether clinically relevant cut-off values for interpretation of the sequencing data could 
be defined, and what the limits are of using 16S rRNA gene profiling as a diagnostic tool.

To address this, studies focussing on different diseases were performed, including 
respiratory tract infections, bacterial vaginosis (a polymicrobial syndrome of the female 
urogenital system), atopic dermatitis (a chronic, inflammatory skin disorder associated 
with colonisation of the skin by Staphylococcus aureus) and male genital lichen sclerosus 
(a chronic lichenoid inflammatory fibrosing disorder of the male urogenital system with 
an unknown aetiology). Within these studies we applied 16S rRNA gene profiling as the 
main diagnostic tool or in combination with other commonly applied diagnostic methods. 
The main findings of the research performed are summarised and discussed in this final 
chapter. In addition, recommendations for future research are made.

16S rRNA GENE PROFILING AS A DIRECT DIAGNOSTIC TOOL

Lower respiratory tract infections (LRTIs) can be caused by a wide range of microorganisms, 
including bacteria that colonise the respiratory tract in health. For identification of bacterial 
pathogens involved in LRTIs, the standard algorithm involves culture of bacteria from sputum 
followed by species identification with matrix-assisted laser desorption ionization time 
of flight mass spectrometry (MALDI-TOF MS) technology (1) and antibiotic-susceptibility 
testing of the cultured putative causative microorganism (2). The clinical diagnostic 
bacteriology is still dominated by culture-based methods despite the fact that culturing 
as stand-alone test provides limited insight into the polymicrobial community potentially 
present in a clinical specimen. While the MALDI-TOF MS technology has revolutionized 
clinical diagnostic bacteriology, this approach is dependent on culture and identification 
of potential pathogens may be hindered due to competition during selective culture and 
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the existence of non- or poorly-culturable pathogens, such as Mycoplasma pneumonia, 
Chlamydia pneumoniae and Legionella pneumophila (3). In Chapter 2 we questioned 
whether a stepwise approach using 16S rRNA gene profiling followed by species-specific 
real-time quantitative PCRs (qPCRs) and/or culture has the potential to be a more accurate 
and efficient diagnostic approach than the routine diagnostic approach based on culture. 
We concluded that 16S rRNA gene profiling can be used to identify potential pathogenic 
genera in sputum, but only when combined with species-specific qPCR to achieve the 
needed resolution. This conclusion was based on the following observations, which will 
be discussed in more detail below:

 i.  16S rRNA gene profiling provides a more complete characterisation of all potential 
pathogens in sputum than the routine culture-based approach, but the clinical 
interpretation of relative abundance of the different potential pathogenic genera 
remains a challenge.

 ii.  Classification to genus level based on the 16S rRNA gene is not sufficient to identify 
the causative microorganism of respiratory tract infections, requiring a second test 
to achieve the required resolution to the species level.

 iii. Non- or poorly-culturable bacteria can be detected with 16S rRNA gene profiling.

Clinical interpretation of relative abundance of the different potential pathogenic 
genera
From 62 sputum samples, we identified a total of 110 potentially pathogenic genera with 
16S rRNA gene profiling while only 37 pathogens were identified with the routine culture-
based approach. This difference occurred because 16S rRNA gene profiling can detect all 
bacteria present in a specimen while culture is often more specific for a certain class of 
pathogenic species. Non-pathogenic species are not investigated by routine culture. Since 
both non-pathogenic and pathogenic species can colonise the respiratory tract without 
being involved in an infection (4-6), it is very important to provide a clinical interpretation 
of 16S rRNA gene profiling data. The current diagnostic approach based on culture already 
discriminates between infection and colonisation by using cut-off values defined in 
measures of colony counts or concentration of colony forming units (CFU) in association 
with the clinical syndrome (2, 7). For example, Streptococcus pneumoniae and Haemophilus 
influenzae are identified in sputum as the causative microorganism when ≥ 10 colonies are 
observed on an inoculated agar plate (7). 16S rRNA gene profiling data is expressed as a 
relative abundance (%) for each identified bacterial genus. As we had 16S rRNA gene and 
culture data available for our sputum samples, we compared this data in a first attempt to 
define clinically relevant cut-off values for 16S rRNA gene profiling. A wide range of relative 
abundances was found for the potential pathogenic genera Streptococcus, Haemophilus 
and Moraxella. For the genera Streptococcus and Haemophilus, relative abundances ≥ 25% 
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were observed in sputum for which S. pneumoniae or H. influenzae was designated as the 
causative organism by culture. For the genus Moraxella, a wide range of relative abundances 
(2-86%) were observed in sputm with M. catarrhalis as the causative organism according to 
culture. These data suggest (i) that a cut-off value of 25% relative abundance for the genera 
Streptococcus and Haemophilus can be used to screen with 16S rRNA gene profiling for 
infections caused by S. pneumoniae and H. influenzae, and (ii) that a cut-off value on relative 
abundance for the genus Moraxella is of no additional value. The difference in clinical 
interpretation of 16S rRNA gene profiling data for the genera Streptococcus, Haemophilus 
and Moraxella is most likely caused by the niche difference. In healthy adults, relative high 
abundances of Streptococcus and Haemophilus spp. are observed in the lower respiratory 
tract and the oropharynx, while Moraxella spp. are mainly found in the nasopharynx (4, 8). 
M. catarrhalis might reach the lungs by microaspiration from the nasopharynx where it is 
rapidly cleared or occasionally results in an infection, which occurs especially in individuals 
with chronic obstructive pulmonary disease (COPD) (9). This suggests that M. catarrhalis is 
only detected in sputum when involved in an LRTI. However, this is contradicted by the fact 
that M. catarrhalis is frequently cultured from sputum obtained from COPD patients without 
clinical evidence of an LRTI or exacerbation (9). M. catarrhalis might be less pathogenic 
than assumed.

Although we show that amplicon sequencing of the 16S rRNA gene can be used to 
screen for potential pathogenic genera in sputum, it is not sufficient to identify the causative 
microorganism. For the genera Streptococcus and Haemophilus, a relative abundance > 
25% could also result from multiple colonising Streptococcus or Haemophilus species since 
relative abundance is based on the combined number of 16S rRNA genes from different 
species. To determine whether a potential pathogenic species is present and involved 
in a LRTI, identification and quantification at the species level is required e.g. by qPCR. 
Furthermore, although we were able to provide (not yet validated) clinically relevant cut-
off values for some bacterial genera, an overall clinical interpretation of all the identified 
potential pathogenic genera within a polymicrobial community remains a challenge. This 
might delay a possible implementation of 16S rRNA gene profiling in clinical microbiology, 
which has been seen for whole genome shotgun (WGS) sequencing. WGS sequencing is 
the analysis of the complete DNA sequence of a single microorganism, enabling genotypic 
characterisation and investigation of genetic relationships between isolates (10-14). 
Besides, antimicrobial resistance genes can be detected. This is very valuable for clinical 
microbiology because it allows the hospital to identify the beginning of an outbreak of 
multi-drug resistant bacteria and take preventive measures to prevent the bacteria from 
further spreading. Despite this major advantage for clinical microbiology, implementation 
was delayed due to the complex data analysis and the challenge to define genetic distance 
cut-off values to detect outbreaks of different pathogens since bacteria evolve at different 
rates and replicate variably in different environments (15, 16).
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Limited resolution of 16S rRNA gene profiling
It is important to emphasize that the commonly applied 16S rRNA gene profiling method 
targets a very small piece of conserved DNA (several hundred base pairs) to characterize 
polymicrobial communities. For most species within a single genus, the differences between 
species on this small piece of conserved DNA is limited to only a few or a single nucleotide 
and therefore remain indistinguishable. As a result, 16S rRNA gene data is in most cases 
reliable down to genus level and occasionally may provide species resolution. Classification 
down to genus level is not sufficient to identify the causative microorganism. Despite the fact 
that 16S rRNA gene profiling provides a more complete characterisation of polymicrobial 
communities, this limited resolution hampers its wide usage in clinical settings. There are 
several ways to push the classification of 16S rRNA gene profiling data to its limit, but it 
starts with selection of the 16S rRNA gene region with the highest amount of variation to 
enable discrimination between closely related bacteria. In general, the V1-V2, V3-V4 or V4 
region is amplified and subsequently sequenced. To enable identification of the generated 
reads at species level, a database with high-quality 16S rRNA gene reference sequences with 
annotation down to species level is required. However, genus level is the lowest taxonomic 
group of the preferred SILVA database, which has the richest taxonomy of the available 
databases and is continuously updated (17). Assuming that the most optimal 16S rRNA 
gene region is targeted and that a high quality reference database is available, one way to 
achieve a substantial improvement in classification accuracy is by using a set of reference 
sequences that is specific for the sample’s source environment. Popular classification 
pipelines assume that all species in a reference database are equally likely to be observed. 
Classification accuracy degrades linearly with the degree to which that assumption is 
violated, and in practice it is frequently violated. By incorporating environment-specific 
taxonomic abundance information, a significant increase in the species-level classification 
accuracy can be obtained (18). Another simple option would be to increase the length of 
the targeted 16S DNA since this also increases the amount of potential variation that is 
available for discriminating closely related bacteria. For example, amplifying and analysing 
the full length 16S rRNA gene instead of a small variable region of this gene may significantly 
increase discriminatory power. Currently, the Illumina Miseq platform is commonly used 
for 16S rRNA gene profiling. This technology generates short reads of 600 nucleotides 
as a maximum, which is insufficient to cover the full length amplified 16S rRNA gene of 
approximately 1540 nucleotides. For generating reads that cover the whole amplified 16S 
rRNA gene, a more recent developed platform is needed, such as the Pacific Biosciences 
(PacBio) or the Oxford Nanopore platform. Sequencing of the whole amplified 16S rRNA 
gene may have the discriminatory power to classify bacteria to the species level in spite of 
the technology’s higher error rate (19, 20). Although third generation long read sequencing 
facilitates classification down to species level, for some very closely related species the full-
length 16S rRNA gene might still be too conserved. For example, multiple Streptococcus 
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species can be present in the human respiratory tract, including the pathogen S. pneumoniae 
and Streptococcus pseudopneumoniae whose clinical importance is unknown. These species 
are phenotypically and genetically distinct from each other but their complete 16S rRNA 
genes differ only by a single nucleotide (21, 22). Accordingly, a second step is always required 
for identification of S. pneumoniae as the causative microorganism.

In our opinion, this second step should include a qPCR, which is a fast method that 
allows sensitive and specific detection as well as quantification of specific species. For S. 
pneumoniae, a concentration of 1.00E+05 gene copies/mL has been described as a significant 
cut-off value to identify S. pneumoniae as the causative microorganism (23). We found that 
screening with 16S rRNA gene profiling, using a relative abundance ≥ 25% as cut-off value, 
followed by a qPCR enabled identification of S. pneumoniae as the causative microorganism 
(Figure 1a). Sputum with a relative abundance < 25% for the genus Streptococcus and/or 
with a S. pneumoniae concentration < 1.00E+05 gene copies/mL were culture-negative and 
therefore we considered these to be not clinically relevant.

Similarly, multiple Haemophilus species can be present in the respiratory tract, including 
the pathogen H. influenzae and Haemophilus parainfluenzae whose clinical importance is 
debateable. We found that 12 of the 13 (92%) sputum samples with a relative abundance 
≥ 25% for the genus Haemophilus had also a relatively high concentration of H. influenzae 
with a species-specific qPCR (≥ 3.35E+08 gene copies/mL). All 10 sputum samples for which 
H. influenzae was designated as the causative pathogen by culture belong to this group. 
Sputum with a relative abundance < 25% for the genus Haemophilus were culture-negative 
for H. influenzae and therefore we considered that these were not clinically relevant. Based 
on these data, we concluded that additional species determination and quantification by 
qPCR had no added value. In other words, applying the cut-off value for 16S rRNA gene 
profiling was sufficient to identify H. influenzae as the causative microorganism in our study  
(Figure 1b). Larger clinical studies are needed to confirm that identification and quantification 
at species level is redundant for sputum with ≥ 25% relative abundance of Haemophilus.

In contrast to Haemophilus and Streptococcus, we were unable to define a cut-off value 
on relative abundance for the genus Moraxella to screen with 16S rRNA gene profiling 
for infections caused by M. catarrhalis. A wide range of relative abundances for the genus 
Moraxella were observed in the culture-positive sputum for M. catharrhalis. For these sputum 
samples, we also observed relatively high concentrations (≥ 1.76E+08 gene copies/mL) 
of the pathogen M. catarrhalis by qPCR. Comparably high concentrations by qPCR were 
observed in all sputum samples that were culture-negative but positive for the genus 
Moraxella with 16S rRNA gene profiling. This suggests that other Moraxella spp. that may 
colonise the nasopharynx such as Moraxella nonliquefaciens were not present in the sputum 
specimens. Accordingly, a cut-off value on relative abundance for the genus Moraxella as 
well as species determination and quantification by qPCR is of no additional value for the 
identification of M. catarrhalis as the causative microorganism in this study (Figure 1c).
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Figure 1. Clinical data interpretation of 16S rRNA gene profiling at the genus level (x-axis) and species-specific 
quantitative real-time PCRs (qPCRs; y-axis) of sputum is challenging as illustrated for (a) Streptococcus (b) 
Haemophilus and (c) Moraxella spp. For identification of Streptococcus pneumoniae as the causative microorganism 
(culture-positive; blue), a cut-off value for 16S rRNA gene profiling and for species-specific qPCR is required. For 
identification of Haemophilus influenzae as the causative microorganism (culture-positive; green), only a cut-off 
value for 16S rRNA gene profiling seems to be required. Sputum samples with a relative abundance above the 
cut-of value of 25% and a relatively low concentration of H. influenzae or negative by qPCR were not detected in this 
study (Culture negative; grey). For identification of Moraxella catarrhalis as the causative microorganism (culture-
positive; orange), detection of the genus Moraxella by 16S rRNA gene profiling seems to be sufficient. All sputum 
samples positive with 16S rRNA gene profiling for the genus Moraxella, irrespective of the relative abundance, were 
positive with the species-specific qPCR for M. catarrhalis. These sputum samples also included the culture-positive 
samples.
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Although we highlighted that it is possible to optimize the classification of 16S rRNA 
gene profiling data to its limit, classification to the species level will not always be possible. 
For those genera, a species-specific qPCR can be used to acquire more precise diagnostic 
results. In contrast to culture-based methods, this stepwise approach is objective. Culture-
based methods depend on the experience and subjectivity of the technician, because 
pathogens can have similar morphologic characteristics as non-pathogenic colonizers 
making their recognition by technicians difficult (24-26). Furthermore, the usefullness 
of culture-based methods is hampered by the existence of non- or poorly-culturable 
pathogens (3).

Non- or poorly-culturable bacteria
A major limitation of culture-based methods is the inability to culture all existing bacterial 
pathogens, such as the so-called 'atypical bacteria' Mycoplasma pneumoniae, Chlamydia 
pneumoniae and Legionella pneumophila (3). We detected the genus Mycoplasma in two 
sputum specimens with 16S rRNA gene profiling. One of these sputum specimens was 
positive for M. pneumoniae by qPCR, showing that 16S rRNA gene profiling is able to detect 
these bacteria. The other sample was negative for M. pneumoniae by qPCR, confirming that 
species-determination is required as a second step to discriminate between pathogenic 
and non-pathogenic species.

In clinical microbiology, microorganisms that are very difficult to culture are detected 
with PCR-based assays (2). To limit the number of tests to be performed, several PCR assays 
targeting different pathogens might be combined into one assay, called a multiplex PCR. 
Several multiplex panels are commercially available for respiratory tract infections, targeting 
not only (atypical) bacterial pathogens but also respiratory viruses, such as the Luminex 
xTAG respiratory viral panels (Luminex Molecular Diagnostics, Toronto, Canada), Respiratory 
Panel Assays of Seegene (Seoul, South Korea) and RespiFinder 2Smart (PathoFinder B.V., 
Maastricht, The Netherlands) (27-29). These panels are highly sensitive and specific for 
detection of a set of pathogens involved in LRTI. Multiplex species-specific qPCRs might be 
useful to target a large set of pathogenic species, but it is practically impossible to obtain 
a complete overview of a microbial community in a clinical specimen with this method. 
This highlights the additional value of 16S rRNA gene profiling for the routine clinical 
microbiology despite its lack of resolution.

An alternative method for the identification of pathogens in sputum is whole 
metagenome shotgun (WMS) sequencing. This technique offers an opportunity to identify 
and characterize bacterial species and other microorganisms, such as viruses, in a complex 
microbial community in relation to the microbiota (30). This method was recently used 
to find the causative agent of a severe new acute respiratory syndrome, which started in 
December 2019 in Wuhan, Hubei province of China (31). Health authorities identified a 
cluster of pneumonia cases linked to the city’s South China Seafood Market at which a large 
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range of live or freshly slaughtered animals are sold including poultry and bats. Preliminary 
aetiological investigations excluded the presence of common respiratory pathogens using 
commercial assays, such as qPCR. Accordingly, metagenomic RNA sequencing (WMS 
sequencing on RNA level) was performed. This resulted in the identification of a new RNA 
strain of virus that was most closely related (89.1% nucleotide similarity) to a group of bat 
viruses of the family Coronaviridae. The new coronavirus was also phylogenetically close 
to severe acute respiratory syndrome coronavirus (SARS-CoV) and was therefore named 
'SARS-CoV-2' (32). The World Health Organization (WHO) announced the official name of 
the disease as 'coronavirus disease 2019 (COVID-19)' Within a few months of the first report, 
SARS-Cov-2 had spread across China and worldwide, reaching a pandemic level. Measures 
taken to reduce its spread critically depend on timely and accurate identification of virus-
infected individuals. Therefore, primers and probes were designed for qPCR assays based 
on the first sequence of SARS-CoV-2 generated with metagenomic RNA sequencing (33, 
34). We implemented diagnostic assays in our labs as well as viral load and high throughput 
sequencing assays to support pharmaceutical companies trying to detect and treat 
COVID-19 (35-38).

We showed that 16S rRNA gene profiling can be used to identify potential pathogenic 
genera in sputum, but only when combined with species-specific qPCR to achieve the 
needed resolution. We do not believe that 16S rRNA gene profiling combined with species-
specific qPCRs will completely replace culture. The major advantage of culture is the ability 
to characterise phenotypic aspects such as antibiotic susceptibility of a pathogen. Although 
there are exceptions such as Mycobacterium tuberculosis, phenotypic aspects of a pathogen 
cannot be predicted based on taxonomic classification or genotyping (39, 40). Accordingly, 
we would add selective culture to the combination of methods to be performed as a third 
step if indicated.

However, clinical microbiology will still prefer the routine culture-based approach and 
multiplex PCR-based methods above the combination of 16S rRNA gene profiling, qPCR 
and culture as it is cheap and relatively fast. The commonly used Illumina Miseq platform 
has a run time between 24 and 55 hours for sequencing amplicons ranging between 300 
and 600 bp (41, 42). The relatively new Oxford Nanopore platform generates longer reads 
and has a relatively short run time of just a few hours, but more research is needed to 
confirm that higher error rates does not complicate 16S rRNA gene data analysis (20). Of 
note is that, in contrast to culture, faster, better and cheaper technology for sequencing 
can be expected in the near future (43).

When challenges of clinical interpretation of the data, sequencing turnaround time 
and costs are overcome, the combination of 16S rRNA gene profiling, qPCR and culture 
can be of interest for the clinical microbiology for the diagnosis of LRTI and urinary tract 
infections, though infections of body sites normally depleted of bacteria or with low diverse 
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microbiota are preferred, such as meningitis, septicaemia and prosthetic joint infections 
(44, 45). Nevertheless, comparable stepwise approaches will increase the diagnostic yield 
for detection of pathogenic species involved in those type of infections (44, 45).

16S rRNA GENE PROFILING AS ALTERNATIVE REFERENCE TEST FOR EVALUATION 
OF DIAGNOSTIC ALGORITHMS

Infections such as bacterial vaginosis (BV) are not caused by a single microorganism but 
involve (complete) disturbance of the microbial community. BV is characterised by a shift 
from a Lactobacillus spp. dominated vaginal microbiota to a more diverse microbiota 
causing a malodorous vaginal discharge (46). The 2018 European International Union against 
Sexually Transmitted Infections (IUSTI) World Health Organisation (WHO) guideline on the 
management of vaginal discharge recommends diagnosing BV using clinical symptoms and 
signs and bedside tests, supported by laboratory test findings (47). However, no diagnostic 
algorithm is proposed but instead all options are presented. Amsel’s clinical criteria (48), 
Nugent score (49), culture-based techniques (46) or CE-IVD marked qPCRs (50, 51) are 
commonly used methods for the diagnosis of BV. These methods have been extensively 
evaluated using the Nugent score as the gold standard (50-55). The Nugent score is a Gram 
stain scoring system for vaginal swabs based on the quantitative assessment of Lactobacillus 
spp. morphotypes (decrease scored as 0 to 4), Gardnerella vaginalis morphotypes (increase 
scored as 0 to 4) and Mobiluncus spp. morphotypes (increase scored as 0 to 2) (49). A score 
of 7 to 10 is consistent with BV. It is known that some small bacterial morphotypes may 
vary in size and form, and sometimes are difficult to distinguish them from Lactobacillus 
spp. morphotypes (56, 57). This phenomenon makes the interpretation of the Nugent score 
subjective. Adoption of the Nugent score by clinical laboratories is limited by its complexity 
and subjectivity (58). Furthermore, the proportion of samples assed with an intermediate 
score between 4 and 6 may exceed 20% and it remains debated how to treat these 
patients (56, 59-61). Hence, we emphasize the need for an objective reference method. In  
Chapter 3, we explored using 16S rRNA gene profiling as an alternative reference test to 
evaluate existing tests for the diagnosis of BV. To discriminate between a normal vaginal 
microbiota and BV, we used a cut-off value of 47% relative abundance of the genus 
Lactobacillus, which has previously been reported as an accurate BV predictor (62, 63). 
Lactobacillus spp. dominated vaginal microbiota profiles (with ≥47% relative abundance 
of the genus Lactobacillus) were categorised as normal vaginal microbiota and microbiota 
profiles with less Lactobacillus (<47% relative abundance) with mainly anaerobes as 
microbiota associated with BV. Based on the following findings, we consider 16S rRNA 
gene profiling as a good alternative to replace Nugent score, the current gold standard, to 
evaluate BV diagnostic methods:
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 i.  Poor sensitivity of the Nugent score to diagnose BV with 16S rRNA gene profiling as 
reference test.

 ii.  A cut-off value of 47% relative abundance for the genus Lactobacillus is highly 
accurate for identification of women with a normal vaginal microbiota.

 iii.  The definition <47% relative abundance of the genus Lactobacillus and a higher 
relative abundance of anaerobic bacteria compared to aerobic bacteria is sufficient 
to identify women with BV, but more clinical studies are necessary.

Performance of the Nugent score (current gold standard) for the diagnosis of BV
Despite its complexity, the Nugent score has almost exclusively (or combined with Amsel’s 
clinical criteria) been used to evaluate other methods to diagnose BV (50-55). Furthermore, 
preliminary diagnosis may be based on Amsel’s clinical criteria, but the Nugent score remains 
the definitive laboratory method for diagnosis (2). A simplified version of the Nugent 
score has been described, called the Hay/Ison criteria (64). Instead of the complex scoring 
system, vaginal swabs with predominantly Lactobacillus morphotypes are assigned to 
grade 1 (normal vaginal microbiota), mixed flora with some Lactobacillus and Gardnerella or 
Mobiluncus morphotypes to grade 2 (intermediate flora), and Gardnerella and/or Mobiluncus 
dominated morphotypes to grade 3 (BV). These simpler criteria have been found to correlate 
well with Amsel’s clinical criteria as well as with the Nugent score (65, 66). It may be an 
alternative for the Nugent score (2). However, assigning vaginal swabs to the different 
grades remains subjective and especially interpretation of the intermediate score remains 
questionable (67).

Since the development of the Nugent score in 1991, more advanced technology has 
become available. To the best of our knowledge, we were the first to determine the current 
performance of the Nugent score. We found a specificity of 100% and a sensitivity of 64% for 
the diagnosis of BV using 16S rRNA gene profiling as the reference test. This means that the 
Nugent score is highly accurate for identification of women without BV but that it misses 36% 
of the women with BV. Evaluation of the discrepant results between 16S rRNA gene profiling 
and the Nugent score showed that interpreting the intermediate score as BV negative was 
mainly responsible for the poor sensitivity. Interpreting the intermediate Nugent score 
as BV positive would, however, result in an increased sensitivity of 92% and a substantial 
decreased specificity of 87%. Half of the number of swabs with an intermediate Nugent 
score were categorised as microbiota associated with BV (relative abundance between 0% 
and 36% for the genus Lactobacillus and between 100% and 64% for anaerobes) and the 
other half were categorised as normal vaginal microbiota (relative abundance between 50% 
and 99% for the genus Lactobacillus and between 50% and 1% for anaerobes). Due to the 
wide range of Lactobacillus abundance observed in the intermediate category, the clinical 
importance of the intermediate category remains unresolved (56, 59-61, 67). Therefore, the 
Nugent score as the gold standard should be replaced by a method with a clear definition 
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of vaginal health and BV. We propose 16S rRNA gene profiling as an alternative reference 
test for the diagnosis of BV.

Definition of normal vaginal microbiota
To be able to use 16S rRNA gene profiling as a reference test for the diagnosis of BV, a reliable 
cut-off value for the relative abundance of the genus Lactobacillus is required to discriminate 
between normal vaginal microbiota and microbiota associated with BV. A general definition 
of normal vaginal microbiota is a predominance of Lactobacillus spp. (68-72). It remains to 
be discussed what level of Lactobacillus abundance defines a healthy or a BV associated 
vaginal microbiota (Figure 2). We found one report that investigated the composition of 
the vaginal microbiota in healthy women and women with BV (62). In this paper, a 16S rRNA 
gene profiling cut-off value is proposed for the diagnosis of BV. To evaluate their cut-off value 
of 47% relative abundance of Lactobacillus, we compared the outcome of five diagnostic 
methods (i.e. Amsel’s clinical criteria, Nugent score, culture and 2 CE-IVD marked qPCRs) 
with 16S rRNA gene profiling. All five diagnostic methods were in agreement with 16S 
rRNA gene profiling for at least 92% of the swabs categorised as normal vaginal microbiota. 
Analysis of the discrepant test results showed that for the discrepancies found, not all five 
diagnostic methods agreed on the test result. This means that these particular samples were 
very complex to interpret and not necessarily a discrepancy solely by the reference test in 
question. As such we conclude that a cut-off value of 47% relative abundance of the genus 
Lactobacillus is highly accurate to identify women with normal vaginal microbiota (≥ 47%).

234 
 

 

Figure 2. Defining a cut-off value (dotted line) for the genus Lactobacillus in measures of relative abundances (y-

axis) to discriminate between normal vaginal microbiota and bacterial vaginosis is challenging as illustrated by 

the Nugent score (x-axis). A Nugent score of 0 to 3 is consistent with normal flora, 4 to 6 with intermediate flora 

and 7 to 10 with bacterial vaginosis. 

 

We noticed that 16S rRNA gene profiling as well as the five applied diagnostic methods 

do not discriminate between various Lactobacillus spp. needed for the identification of 

women with normal vaginal microbiota or BV. The healthy vagina is most frequently 
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We noticed that 16S rRNA gene profiling as well as the five applied diagnostic methods do 
not discriminate between various Lactobacillus spp. needed for the identification of women 
with normal vaginal microbiota or BV. The healthy vagina is most frequently dominated by 
one, or at the most two species of Lactobacilli from a short list of four: Lactobacillus crispatus, 
Lactobacillus gasseri, Lactobacillus jensenii or Lactobacillus iners (72). In contrast to other 
Lactobacillus spp., L. iners is commonly found in the vagina of women with BV (73-76). This 
may be because L. iners is better adapted to the changing conditions associated with BV, 
such as the polymicrobial state of the vaginal microbiota and elevated pH (74). However, 
only 9% of L. iners strains produce hydrogen peroxide, which has antimicrobial properties. 
This is low compared to the 94%, 95% and 70% of the L. crispatus, L. jensenii and L. gasseri 
strains, respectively (77). Furthermore, L. iners strains do not produce high quantities of lactic 
acid and thus may fail to acidify the vagina to low pH to suppress the growth of pathogenic 
microorganisms (78, 79). Accordingly, it has been suggested that when the microbiota is 
dominated by L. iners, it is more likely to shift towards dysbiosis unlike when L. crispatus is 
dominant (80). At present, the available literature is insufficient to classify L. iners as a ‘friend’ 
or ‘foe’ (81). Further clarification of its role in health and disease is warranted in the future.
 
Definition of microbiota associated with BV
Although we show that a cut-off value of 47% relative abundance for the genus Lactobacillus 
is highly accurate to identify women with normal vaginal microbiota (Figure 3a), it is not 
sufficient as a stand-alone criterion to identify women with BV. This cut-off value allows 
differentiation between normal vaginal microbiota and dysbiosis but it does not distinguish 
between BV and another bacterial vaginal infection, called desquamative inflammatory 
vaginitis or aerobic vaginitis (AV) (82-84). Both conditions are associated with a wide 
spectrum of bacteria, but BV is characterised by an increase in anaerobes (68-72) whereas 
AV is defined by an increase in aerobes (82), such as Escherichia and Streptococcus spp. 
Accordingly, we defined microbiota associated with BV as <47% relative abundance of 
the genus Lactobacillus and mainly anaerobes, and AV as <47% relative abundance of the 
genus Lactobacillus and mainly aerobes. It should be noted that there is ongoing discussion 
whether AV is a separate entity from BV (61).

To evaluate the definition of BV for 16S rRNA gene profiling, we compared our 16S 
rRNA gene profiling data with the outcome of Amsel’s clinical criteria, Nugent score, culture 
and 2 CE-IVD marked qPCRs (Figure 3b). At least two methods were in agreement with 
16S rRNA gene profiling in 81% of the swabs categorised as microbiota associated with 
BV. Their microbiota profiles were depleted from the genus Lactobacillus and dominated 
by the strongly BV-associated bacterial genera Gardnerella, Atopobium and/or Prevotella 
(46, 57, 85-87). The microbiota of the remaining swabs with discrepant results were mainly 
characterised by a relatively high abundance of bacteria that are less strongly associated 
with BV and/or not commonly found in the vagina. Most noteworthy is the genus 
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Bifidobacterium because of its proposed association with vaginal health (56, 88, 89). When 
Bifidobacterium spp. are confirmed to be associated with vaginal health, the definition of 
BV shas to be adjusted with presence of either Lactobacillus and/or Bifidobacterium spp. 
Another suggested alternative is to combine the cut-off value for the genus Lactobacillus 
with the presence of a limited number of bacteria that are strongly associated with BV, such 
as Gardnerella and Atopobium spp. (62). The disadvantage of this approach is that swabs 
with microbiota profiles dominated by other BV-associated anaerobes, such as Prevotella 
spp., would be incorrectly categorised. This illustrates that diagnosis of BV is difficult due 
to the wide spectrum of anaerobes associated with BV and the limited number of bacteria 
that can be effectively cultured or targeted by qPCR.

Based on these observations, we consider 16S rRNA gene profiling as a good alternative for 
the current golden standard to evaluate BV diagnostic methods. We found that the cut-off 
value of 47% relative abundance of the genus Lactobacillus is highly accurate to identify 
women with a normal vaginal microbiota. Currently, the definition <47% relative abundance 
of the genus Lactobacillus and predominance of anaerobes is sufficient to identify women 
with BV, but clinical studies with well-defined controls are required to identify the role of 
organisms such as Bifidobacterium spp. in the vaginal microbiota. This illustrates that it is 
challenging to provide a strict definition for microbiota associated with BV. This is due to:
(i) a substantial number of asymptomatic women with disturbed vaginal microbiota (72) 
and (ii) the existence of other fungal and protozoal vaginal conditions associated with 
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complaints of abnormal vaginal discharge (47) such as vulvovaginal candidiasis (VVC) and 
vaginal infection with Trichomonas vaginalis. For other polymicrobial diseases it might be 
even more challenging to establish a cut-off value to discriminate between health and 
disease. Healthy microbiota of other body sites, such as skin, are even more variable between 
healthy individuals due to environmental factors, such as hygiene, lifestyle, geographic 
location, medication and diet (90-93).

HOW TO APPLY 16S rRNA GENE PROFILING TO DETERMINE THE IMPACT OF 
TREATMENT ON POLYMICROBIAL COMMUNITIES OF THE VAGINA AND THE SKIN

So far, we have discussed the application of 16S rRNA gene profiling as a direct diagnostic 
tool for the identification of clinically relevant microorganisms and as an alternative reference 
test for evaluation of existing diagnostic methods. Here, we will discuss the usefulness of 
16S rRNA gene profiling as a tool to determine the impact of treatment on polymicrobial 
communities. Firstly, we focused on the treatment of BV with antibiotics because up to 40% 
of the patients treated for BV return to their physician with persistent complaints of abnormal 
vaginal discharge (94, 95). 16S rRNA gene profiling might be valuable for studying why 
treatment failure occurs in these patients by comparing the vaginal microbiota before and 
after treatment. Next, we shifted our focus to atopic dermatitis (AD) and studied if 16S rRNA 
gene profiling can be applied in clinical trials. AD, also known as atopic eczema, is a chronic, 
inflammatory skin disorder associated with colonisation of the skin by Staphylococcus aureus 
(96, 97). The cause of AD is unknown but believed to involve genetics, immune system 
dysfunction, environmental exposures, and changes of the structure of the skin. The disease 
may occur at any age, but typically starts in childhood and is chronic with swings in severity. 
New drugs to treat AD are being developed because of the limitations of emollients (non-
cosmetic moisturisers/barrier creams) and topical anti-inflammatory corticosteroids (98-
100). For clinical trials assessing the effectivity of the new drugs in patients with AD, the skin 
microbiota is an interesting biomarker (101). The relative abundance of S. aureus seems to be 
correlated with the severity of AD (96, 97), suggesting that restoration of the normal diverse 
skin microbiota is effective for treating AD. We concluded that 16S rRNA gene profiling 
has potential for studying the impact of treatment on polymicrobial communities. This 
conclusion was based on the following observations:

 I.  16S rRNA gene profiling contributes to better understanding as to why women return 
to their physician with persistent complaints of abnormal vaginal discharge (Chapter 
4 and 5).

 II.  Microbiota stratification of the skin with 16S rRNA gene profiling is useful to analyse 
treatment effects in AD trials (Chapter 6).
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16S rRNA gene profiling contributes to better understanding of treatment failure in 
women with BV
As discussed previously, diagnosis of BV is challenging due to the subjective nature 
of Nugent scoring, the wide spectrum of anaerobes associated with BV and the limited 
number of bacteria that can be effectively cultivated or targeted by qPCR. This might result in 
misdiagnosis and subsequent women returning to their physician with persistent complaints 
of abnormal vaginal discharge (94, 95, 102). Comprehensive analysis of the microbiota 
before and after treatment is only useful when the persistent complaints are caused by 
incomplete restoration of the vaginal microbiota and not by misdiagnosis. In Chapter 4, 
women with complaints of abnormal vaginosis were diagnosed and subsequently treated 
according to the standard protocol of the hospital. A fraction of these women returned to 
their physician with persistent complaints of abnormal vaginal discharge. We determined 
whether misdiagnosis was the main reason for these persistent complaints. Since complaints 
of abnormal vaginal discharge may be caused by other microorganisms, 16S rRNA gene 
profiling as well as fungal culture and a qPCR were performed to diagnose bacterial infections 
such as BV, AV, VVC and Trichomonas vaginalis infection. Comparison of the data obtained 
during two subsequent visits showed that misdiagnosis was the cause for 30% women 
who returned with persistent symptoms. In another 30% of the women, the emergence of 
a different infection or failure of the treatment to restore the vaginal microbiota was the 
cause of the persistent symptoms (103-106). These data show that 16S rRNA gene profiling 
contributes to better understanding why women return to their physician with persistent 
complaints of abnormal vaginal discharge, but that it is not sufficient as a stand-alone test.

In Chapter 5, we performed comprehensive analysis on the 16S rRNA gene profiling data 
obtained from the patients with clinically diagnosed BV to elucidate why treatment fails 
to restore the vaginal microbiota in some women. We observed two bacterial community 
types before and after antibiotic treatment with significantly different bacterial diversity. Of 
the community types identified in women before treatment, one was driven by the genera 
Lactobacillus, Gardnerella and Atopobium, and the other one was driven by the genera 
Gardnerella, Atopobium, Prevotella and Sneathia. Antibiotic treatment allowed Lactobacillus 
to recover at the expense of Atopobium, but Lactobacillus did not become the dominant 
genus in the vaginal microbiota of all treated women. The two community types identified 
after treatment were either driven by Lactobacillus or by multiple bacteria. Unfortunately, 
we found no association between the community types before or after treatment and the 
clinical outcome (defined as no or persistent symptoms). Instead, we hypothesize that the 
presence of specific bacterial strains, human genetics and/or a microbiota function (which 
bacterial genes are present) may be associated with treatment failure. Recent advances in 
BV pathogenesis research have suggested distinct roles for the G. vaginalis clades (107-110). 
It may be that G. vaginalis strains with low virulence potential are able to colonise healthy 
women but are not involved in BV development, which might explain the high prevalence 
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of this genus in asymptomatic women. Only G. vaginalis strains able to overgrow healthy 
vaginal Lactobacillus spp. and initiate biofilm formation on the vaginal epithelium may be 
virulent. Biofilm formation has been proposed to be a crucial step in BV development as 
it represents a protective mode of growth that allows other anaerobes to survive in the 
acidic vaginal environment (85). Furthermore, biofilm formation by G. vaginalis contributes 
significantly to BV treatment failure and high recurrence rates (111-113). Since only specific 
strains of G. vaginalis may be involved in BV development, it might be that the presence 
or combinations of specific bacterial strains in the biofilm are responsible for treatment 
failure and recurrence (114-120). The 16S rRNA gene lacks the resolution to differentiate 
between strains with high and low virulence potential, which is a major disadvantage for 
16S rRNA gene profiling.

Taken together, 16S rRNA gene profiling contributes to a better understanding of why 
women return to their physician with persistent complaints of abnormal vaginal discharge 
but lack resolution to discriminate between virulent and non-virulent bacterial strains. An 
alternative approach would have been to use WMS sequencing to study treatment failure. 
As previously discussed, WMS sequencing enables identification of the different bacteria 
as well as other microorganisms, such as fungi and protozoa, to the species or strain level. 
In this case, classification down to strain level is required, which cannot always be achieved 
with WMS sequencing. WMS sequencing also results in relative abundance information for all 
genes present in a vaginal swab, which can be used to generate the virulence profile of the 
polymicrobial community present in a swab (30). The difference in virulence profile before 
treatment between responders and non-responders might elucidate the mechanism behind 
treatment failure. Unfortunately, this method is not yet ready for clinical microbiology.

Microbiological phenotype stratification with 16S rRNA gene profiling and frequent 
sampling is required to analyse the microbiota in clinical atopic dermatitis trials
In Chapter 6, we further explored the utility of 16S rRNA gene profiling to determine 
the impact of treatment on the microbiota. This time, we focussed on how 16S rRNA 
gene profiling can be applied in clinical trials assessing the effectivity of new drugs in 
patients with AD. For these clinical trials, the skin microbiota is an interesting biomarker 
since AD is associated with S. aureus colonisation and reduced microbial diversity (101). 
Accordingly, new treatments are increasingly evaluated using clinical AD scores and the 
skin microbiota composition (101, 121-124). The microbiota composition of healthy skin 
may vary significantly between humans (inter-individual variation) and within a human 
over time (intra-individual variability) due to host and environmental factors, such as 
antibiotic exposure, hygiene and lifestyle (92, 93, 125-127). Importantly, skin affected by 
AD is likely to have larger inter- and intra-patient variability of the skin microbiota, implying 
the need for frequent sampling when evaluating the impact of treatment on the affected 
skin microbiota. However, to our knowledge, most clinical trial designs have included a 
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single sample before and after treatment. We questioned whether this limited sampling is 
sufficient to capture the full extent of skin microbiota variability. Baseline characterisation 
of the skin microbiota with 16S rRNA gene profiling confirmed the reduced microbiota 
diversity and increased relative abundance of the genus Staphylococcus for affected skin 
compared to unaffected skin. Furthermore, we observed a correlation between the relative 
abundance of the genus Staphylococcus and the concentration of S. aureus determined by 
culture and qPCR. This confirmed that, as expected, the relative abundance of S. aureus was 
higher on affected skin compared to unaffected skin. To measure the inter- and intra-patient 
variability over a period of 42 days, the standard deviation of the mean was calculated for 
microbial diversity, relative abundance of Staphylococcus spp. and S. aureus concentration. 
For affected skin, we observed a high inter- and a wide range of intra-patient variability for 
all test results in the range of 36-94% and 7-173%, respectively. In a second independent 
patient group, we observed comparable inter- and intra-patient variability for affected skin. 
Since the sampling method was strictly standardized, the observed variability is unlikely to 
be caused by variable sample quality but rather reflect a highly variable and personalized 
profile. Because the variability over time can be high, limited sampling is not sufficient to 
determine the impact of the treatment on an individual’s affected skin microbiota (Figure 4). 
Frequent sampling during intervention and statistical analyses methods which use repeated 
measures across more than one end of study time point, may reduce the effect of the 
variability in the analyses of clinical trials.
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In addition, we were able to define three patient groups with different microbiological 
phenotypes. We categorized these patients according to their microbial diversity of skin 
microbiota, the relative abundance of the genus Staphylococcus/S. aureus and microbiota 
variability in time (Table 1, Figure 4). The impact of treatment on the skin microbiota might 
differ between the three phenotypes. Therefore, it is important to include the existence of 
the different phenotypes in the design of a clinical trial e.g. by including microbiological 
phenotype stratification with 16S rRNA gene profiling before intervention.

In summary, we showed that 16S rRNA gene profiling contributes to a better understanding 
of why women return to their physician with persistent complaints of abnormal vaginal 
discharge and that it has a high potential to be applied in clinical trials to determine 
the impact of treatment on polymicrobial communities of the skin. Our progressive 
understanding of the human microbiota and its association with human disease has led to 
the considerable need for improved therapies, meaning that we foresee a huge increase in 
clinical trials for which the human microbiota can be an interesting biomarker. For the study 
design and accurate interpretation of the data, knowledge regarding microbiota variability 
and microbial phenotypes is mandatory.

Translation of research into the clinic
Previously, we explored whether 16S rRNA gene profiling has added value to clinical 
microbiology as a direct or indirect diagnostic tool. To address this, studies focussing on 
different diseases were performed, including BV and AD. Currently, human microbiota 
research linked to other diseases is increasing exponentially. However, we prefer more 
fundamental research before microbiota findings can be safely and widely applied into 
the clinical setting. To illustrate this, we used 16S rRNA gene profiling as a research tool to 
study the link between the microbiota and two different medical conditions.

In Chapter 7, we explored whether specific nasal and/or oropharyngeal microbiota 
profiles can be associated with increased age and RTIs in adults. This study was performed 
to provide insight as to why elderly (≥65 years) are more susceptible to RTIs (128, 129). We 
defined eight nasal and nine oropharyngeal microbiota clusters. Unfortunately, we were 
unable to clarify why elderly are more susceptible to RTIs.  We showed that nasal microbiota 

Table 1. Description of the three different microbiological phenotypes of lesional skin

Microbiological 
phenotype

Microbial  
diversity

Relative abundance of  
the genus Staphylococcus 

Concentration 
S. aureus

Microbiota  
variability over time

I Low High High Low

II Low High High High

III High Low Low Low
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dominated by the genus Moraxella (presumably Moraxella nonliquefaciens) is associated 
with respiratory health in the elderly population. The nasal microbiota cluster dominated 
by the genus Moraxella was significantly more prevalent in the healthy elderly population  
(p = 0.002) compared to the healthy middle aged adults, and it was significantly less prevalent 
in elderly patients with a LRTI (p = 0.001) compared to the healthy elderly population. 
Interestingly, in young children (<5 years), which form another population at risk for RTIs, 
Moraxella spp. become predominant nasal community members over time (130-134). 
Later in life, other bacteria take their place as predominant community members. In young 
children, their microbiota as well as their immune system are still immature, whereas the 
immune system of the elderly deteriorates back towards an immature state (135). In essence, 
it might tolerate the same bacterial species. This might explain the significantly higher 
prevalence of Moraxella spp. in the healthy elderly population. However, conflicting results 
have been reported regarding the role of Moraxella spp. in the pathogenesis of RTIs in young 
children. Profiles dominated by Moraxella spp. such as M. catarrhalis or M. nonliquefaciens 
was associated with respiratory health (130-133). Others reported that Moraxella spp. such 
as M. catarrhalis were associated with high susceptibility to LRTIs (134). We found that the 
microbiota profiles within the relevant cluster were represented by M. catarrhalis and M. 
nonliquefaciens. Since M. catarrhalis has been considered as a pathogen for diseases such 
as COPD and otitis media (9, 136), and only represented 18% of the microbiota profiles 
dominated by the genus Moraxella, we hypothesize that M. nonliquefaciens is  associated 
with respiratory health in both young children and elderly. However, some caution is 
necessary when translating this research based on 16S rRNA gene profiling into the clinical 
setting. For young children, the results were based on microbiota data obtained during 
longitudinal studies. For the elderly, we collected data at one timepoint, meaning that 
we cannot distinguish whether M. nonliquefaciens was less prevalent in elderly patients 
due to its protective nature or that the infection changed the microbiota. Accordingly, 
fundamental research is required to explore the protective properties of M. nonliquefaciens. 
When longitudinal studies and fundamental research confirm that M. nonliquefaciens is 
beneficial in relation to RTI, efforts should be made to uphold these beneficial bacteria by 
using narrow-spectrum instead of broad-spectrum antibiotics as much as possible (137). M. 
nonliquefaciens might even be a possible Candidate for probiotic therapeutic interventions 
against RTIs.

In Chapter 8, we explored whether the balanopreputial and urine microbiota are 
associated with a chronic inflammatory, scarring dermatosis associated with penile 
cancer, called male genital lichen sclerosus (MGLSc). It has been hypothesised that MGLSc 
arises from occluded exposure of a susceptible epithelium to urine since (i) MGLSc is 
exceptionally rare in males circumcised at birth, (ii) circumcision is usually curative and 
(iii) the association of MGLSc with high rates of post-micturition micro-incontinence (138-
140). Circumcision dramatically changes the penile microbiota composition (141, 142), 
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suggesting that dysbiosis may play a role in the aetiology and pathogenesis of MGLSc. 
For the balanopreputial sac, we observed a difference in microbiota profiles between men 
with MGLSc and controls. The relative abundance of the genus Finegoldia was decreased in 
men with MGLSc (median relative abundance of 9% vs 28%) while the relative abundance 
of the genus Prevotella was increased (median relative abundance of 20% vs 4%). Both the 
prevalence (50% vs 15%) and relative abundance (median relative abundance of 4% vs 
0%) of the genus Fusobacterium were increased in men with MGLSc. Fusobacterium spp., 
particularly Fusobacterium nucleatum, have been associated with inflammatory diseases 
such as periodonitis and inflammatory bowel disease and some cancers such as colorectal 
and oral squamous cell carcinoma (143-148). These observations suggest that dysbiosis of 
the balanopreputial sac microbiota is involved in MGLSc. However, we were unable to draw 
strong conclusions from this study due to the low number of included patients (n = 40) and 
the inability to classify to species level. In addition, longitudinal data is lacking to establish 
whether dysbiosis of the balanopreputial sac microbiota is the cause or consequence of 
the disease. Before anything can be translated into the clinical setting, larger powered case-
control studies are required. Thereafter, involvement of balanopreputial sac dysbiosis in 
the aetiology and pathogenesis of MGLSc, with a specific role for F. nucleatum, should be 
confirmed by reproduction of the disease In vitro or in animal models. In contrast to M. 
nonliquefaciens, fundamental research to explore the protective or pathogenic properties 
of F. nucleatum have already been performed for its role in other diseases (149-157).

Both studies illustrate that translation of microbiota research into the clinical setting 
starts with finding a possible epidemiological link between the human microbiota and 
a specific disease with a pilot study (Figure 5). The possible link should be confirmed in 
large, well-powered epidemiologic studies with well-defined controls. Thereafter, multiple 
fundamental studies are required to explore the protective or pathogenic properties of 
a bacterial species, its interactions with other bacteria and the host, and to replicate the 
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disease in an In vitro or animal model. When the role of a bacterial species in a specific disease 
is revealed, interventional research can be performed to develop probiotics to prevent 
or drugs to treat specific diseases. This is the pathway that should be taken to translate 
microbiota research into the clinic.

FUTURE PERSPECTIVES

The main challenge of 16S rRNA gene profiling is the clinical interpretation of relative 
abundance of the identified bacteria in clinical specimens, such as sputum, urine and vaginal, 
skin, nasal and oropharyngeal swabs. More clinical studies with appropriate control groups 
are needed to define and validate clinically relevant cut-off values, to measure microbiota 
variability over time and to determine microbial phenotypes. However, each step of the 16S 
rRNA gene profiling method can influence the interpretation of the result. The transport 
and storage conditions after a specimen has been collected can have an impact on the DNA 
yield and DNA quality (158-161) and the choice of DNA extraction kit influences the results 
as some cell types may resist common mechanical or chemical lysis methods (162-165). 
Selection of primers to amplify the 16S rRNA gene is probably the most discussed issue 
(19). Universal PCR primer sets are designed to amplify as many different 16S rRNA gene 
sequences from a wide range of bacterial species as possible. However, there are no suitable 
100% conserved regions of the 16S rRNA gene available for PCR amplification. This can 
lead to inaccurate microbiota profiles due to inefficient PCR primer binding (166). Another 
pitfall is that different bioinformatics pipelines, analysis settings and reference databases 
can affect the final microbiota results obtained (167, 168). Last but not at least, contaminant 
DNA derived from the environment, reagents and/or consumables used during sample 
processing can bias microbiota results. This is particularly relevant for studies with low 
microbial biomass specimens, since even low amounts of background contamination could 
have an impact (169, 170). These factors should be optimized for each type of specimen 
to ensure generation of unbiased microbiota profiles. In addition, standardization of these 
protocols is required to enable comparison of results obtained from different studies before 
translating them into the clinical setting.

16S rRNA gene profiling currently lacks accurate identification of bacteria at the species 
or strain level due to the lack of resolution of the small piece of conserved DNA used. As 
previously discussed, there are several ways to maximise the classification of 16S rRNA gene 
profiling, including sequencing of the full length amplified 16S rRNA gene. The latter has 
recently become possible by the release of third generation sequencing flatforms, such as 
the PacBio (Pacific Biosystems) and the MinION (Oxford Nanopore Techniques. The MinION 
platform collects and analyses sequence data in real-time, which can significantly shorten 
the time-to-result compared to other platforms. Nonetheless, the applicability of these 
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third-generation sequencing flatforms for 16S rRNA gene profiling remains to be confirmed 
due to the relatively high error rates (19, 20).

Alternative approaches are combining 16S rRNA gene profiling with species-specific 
qPCRs or employing WMS sequencing, which enables identification of bacteria and all 
other microorganisms (e.g. archaea, fungi and DNA viruses) present in a specimen to 
species or even strain level. More interestingly, this method has the potential to provide 
information about the abundance of genes involved in functional pathways present in a 
specimen (30). Identification of the functions of the microbiome in disease is currently 
hindered by a lack of functional characterisation of the vast majority of microbial genes 
that may be present in clinical specimens. Furthermore, technical challenges, ethical issues 
associated with sequencing of human DNA, higher costs, more complex data analysis as 
well as interpretation challenges comparable to that of 16S rRNA gene profiling, have to be 
solved before WMS sequencing is likely to be implemented in clinical microbiology (171-
173). Until then, 16S rRNA gene profiling can fill the gap between traditional culture-based 
microbiological methods and WMS sequencing. 
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