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ABSTRACT

Introduction: Bacterial meningitis in infants is
an infrequent but life-threatening condition.
Empiric therapy should begin as soon as
meningitis is thought likely. Consequently, the
causative microorganisms may not always be
detected using culturing techniques, as cere-
brospinal fluid (CSF) cultures are influenced by
antibiotics. Nucleic acid amplification tests,
such as polymerase chain reaction (PCR) (mul-
tiplex panels), may overcome this limitation
but require a priori knowledge of the likely
pathogen present within the sample. With this
in mind, we investigated to what extent a cul-
ture-free, broad-range 16S rRNA gene next-
generation sequencing (NGS) platform

(MYcrobiota) could add to the microbiological
diagnosis of meningitis.
Methods: Retrospective cohort study at level III
neonatal intensive care unit. Included were all
infants with suspected meningitis admitted
between 10 November 2017 and 31 December
2020. A comparison was made of the bacterial
pathogen detection rate between MYcrobiota
and conventional bacterial culture.
Results: In a 3-year period, 37 CSF samples
(diagnostic and follow-up) from 35 infants with
proven or possible meningitis were available for
MYcrobiota testing. MYcrobiota detected the
presence of bacterial pathogens in 11 samples
(30%), in contrast with the conventional CSF
culture, which detected bacteria in 2 of 36
samples (5.6%).
Conclusion: Addition of 16S rRNA sequencing
to conventional culturing greatly improved the
identification of the aetiology of bacterial
meningitis compared to culturing of CSF sam-
ples alone.
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Key Summary Points

Why carry out this study?

Administration of antibiotics prior to
lumbar puncture may lead to negative
cerebrospinal fluid (CSF) culture results

PCR-based techniques can detect small
amounts of pathogen DNA independently
from the growth of the microorganism
causing the disease

The recently developed 16S rRNA gene
PCR/NGS platform generates a highly
accurate and comprehensive overview of
the microbial composition of clinical
samples or, alternatively, confirms the
absence of bacterial DNA in culture-
negative clinical samples

What was learned from the study?

The 16S rRNA gene PCR/NGS platform
confirms more cases of bacterial
meningitis compared to conventional
culture methods of CSF

Culture-free techniques require a more
prominent place in regular diagnostics of
neonatal meningitis

INTRODUCTION

Bacterial meningitis in infants is a rare but
seriously life-threatening condition with high
mortality but with sometimes subtle clinical
signs at start, which should be treated promptly.
Neonatal sepsis is frequently accompanied by
meningitis and a lumbar puncture (LP) is often
performed in neonates with a suspicion of
neonatal sepsis since the cerebrospinal fluid
(CSF) culture can show growth when the blood
culture remains negative [1, 2]. The presence of
increased leukocyte counts or culturing
microorganisms from CSF is indicative for the
presence of bacterial meningitis. However, cul-
tures of CSF might be negative because of the

low amount of CSF obtained at the LP and
pretreatment with antibiotics. Although exact
numbers are lacking, several studies show a
sensitivity of CSF culture \ 10% [2, 3]. Diag-
nosing bacterial meningitis has important
implications for the duration, choice, and dos-
ing of antibiotics and for the follow-up and
prognosis of the infant.

As alternative to conventional culture,
polymerase chain reaction (PCR)-based detec-
tion methods have been developed and imple-
mented for routine diagnostics to detect and
identify multiple pathogens in a single test with
high sensitivity and specificity [4, 5]. Although
these kind of syndromic testing panels are
comprehensive, no syndromic testing panel is
able to cover all possible causative agents of
bacterial meningitis. Especially in the case of
nosocomial sepsis/meningitis, the spectrum of
potential causative bacteria is too large to be
covered by target-specific PCR or syndromic
testing. To overcome this limitation, the pres-
ence of bacterial DNA can be detected and
identified using a broad-range PCR strategy that
targets the prokaryotic 16S rRNA gene followed
by Sanger sequencing, or more recently next-
generation sequencing (NGS).

The MYcrobiota platform is a non-commer-
cial consolidated tool that includes a validated,
quantitative micelle 16S rRNA gene PCR/NGS
methodology [6, 7] and a dedicated bioinfor-
matics pipeline that was specifically designed
for use in clinical diagnostic laboratories [8].
This platform enables the detection, quantifi-
cation, and characterization of bacterial opera-
tional taxonomic units (OTUs), a group of very
similar 16S rRNA gene sequences ([97% simi-
larity), present within clinical samples and cor-
responding negative extraction controls to
correct results for inevitable bacterial DNA
contamination derived from laboratory
reagents and/or the laboratory environment.
The MYcrobiota platform possesses a much
lower limit of detection compared to conven-
tional 16S rRNA gene sequencing methods and
allows detection of bacteria at very low amounts
and can confirm the absence of bacterial OTUs
in culture-negative samples [6, 8].

In this study, we explored the utility of
MYcrobiota for use in the diagnosis of bacterial
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meningitis by processing a total of 37 CSF
samples obtained from infants with proven or
possible meningitis and then comparing the
results to conventional culture results.

METHODS

Setting

This retrospective study was conducted at the
Leiden University Medical Center (LUMC). The
level III neonatal intensive care unit (NICU)
admits approximately 600 infants per year.
Parents of infants had the option to opt out of
evaluation studies. This study was conducted in
accordance with the Helsinki Declaration. This
study was approved by the medical ethics
review committee of the LUMC (B20.002).
Informed consent was waived for this study.

Subjects and Data Collection

All infants admitted at the NICU in whom CSF
was collected for diagnosing bacterial meningi-
tis between November 10, 2017, until December
31, 2020, were identified. This period was cho-
sen because of the introduction of a new labo-
ratory information system, which enabled the
selection of relevant infants. Relevant patient
data were retrieved from the electronic patient
data management system. Microbiological data
were retrieved from the laboratory information
system. Clinical data were collected before the
MYcrobiota results were available.

Definitions

Pleocytosis [15 leukocytes/ll in infants 0–-
28 days old,[ 9 leukocytes/ll in infants 29–-
60 days old,[7 leukocytes/ll in
infants[ 60 days old, not corrected for the
presence of erythrocytes [9].

CSF contamination with peripheral blood[500
erythrocytes/ll of CSF [9].

Positive blood culture Blood culture, collected
between 2 days before and 2 days after collec-
tion of CSF, showing growth of microorganisms
that can cause bacterial meningitis.

Positive CSF culture CSF culture, showing
growth of microorganisms that can cause bac-
terial meningitis.

Potential causative bacterial microorganisms for
meningitis Streptococcus agalactiae, Streptococcus
pneumoniae, Neisseria meningitidis, Haemophilus
influenzae, Enterobacteriales, Staphylococcus aur-
eus, Listeria monocytogenes, Pseudomonas aerugi-
nosa [10].

Proven meningitis CSF culture positive.
Possible meningitis CSF culture negative;

pleocytosis present or CSF culture negative;
pleocytosis absent but blood culture positive.

Meningitis unlikely CSF culture negative;
pleocytosis absent and blood culture negative or
not available.

Standard Procedures

If an infant was primarily suspected of bacterial
meningitis, a blood culture and CSF were
obtained. If no LP had been performed, but a
blood culture showed bacterial growth, CSF was
collected to rule out meningitis. When an
infant was transferred from another hospital,
the LP was repeated if indicated by the treating
physician. CSF was analysed for cell count,
glucose, and protein levels, and a bacterial cul-
ture was performed. The decision to treat an
infant for bacterial meningitis was made by the
treating physician based on a combination of
factors such as clinical illness and laboratory
and culture results of blood and CSF.

Laboratory Techniques

Routine Diagnostics
The CSF samples received were aliquoted for
bacterial culture and molecular diagnostics, and
remaining CSF was stored. The amount used for
conventional culture was one droplet for each
culture plate and enrichment broth. CSF was
not centrifuged for bacterial culture because of
the small amounts collected. A gram stain was
made, and CSF was inoculated at 35 �C for 5
days on trypcase soy agar plates with 5% sheep
blood (TSS, bioMérieux, Marcy-l’Etoile, France)
under aerobic conditions, on chocolate agar
PolyViteX plates (bioMérieux) under 5% CO2

Infect Dis Ther (2023) 12:1921–1933 1923



conditions, on TSS under anaerobic conditions,
in thioglycolate with resazurine broth (bioMér-
ieux), and in tryptone soya broth with XV factor
(MP products, Groningen, The Netherlands).
Molecular viral diagnostics (herpes simplex
virus 1 and 2, varicella zoster virus, enterovirus,
and parechovirus) were performed if requested
by the treating physician using real-time PCRs.

MYcrobiota Platform
Additional testing was performed only on rem-
nant CSF samples from patients with proven or
possible meningitis that were stored at - 80 �C.
Nucleic acids were extracted from 200 ll of CSF
samples (replenished with Tris–EDTA buffer if
less was available) and eluted in a 100-ll volume
using the MagNA Pure 96 DNA and Viral NA
small volume Kit (2.0) with the Pathogen
Universal 200 protocol on a MagNA Pure 96
instrument (Roche, Mannheim, Germany).
MYcrobiota analysis (non-commercial) was
then performed as previously described by Boers
et al. [8]. Additional BLAST-ing of representative
OTU sequences was performed against the NCBI

16S rRNA gene database to classify OTUs at the
lowest taxonomic level as possible.

Data Analysis

Infants were divided into subgroups, based on
the likelihood of meningitis: proven, possible,
or meningitis unlikely (see definitions and
Fig. 1). Infants with viral or fungal meningitis
were excluded. Samples on which conventional
meningitis diagnostics had been performed
were analysed (initial samples). In cases of pro-
ven meningitis, follow-up samples were anal-
ysed as well if available. Comparative analysis
was performed using R, version 3.6.3 [11]. The
analysis was descriptive. Data are presented as
median with the boundaries of the interquartile
range (IQR), if appropriate. Data were analysed
anonymously and in a time frame in which
results were not considered relevant anymore to
the treatment of the infant; therefore, MYcro-
biota testing results were not reported back to
the parents.

RESULTS

Patient Demographics

From November 10, 2017, until December 31,
2020, CSF was collected for culture from 162
infants. In 55 infants (34%) viral diagnostics
had been performed; none tested positive. One
infant was excluded because of Candida albicans
meningitis. Five infants (3.1%) had culture-
proven meningitis, 38 infants (24%) had cul-
ture-negative possible meningitis and in 118
infants (73%) meningitis was unlikely (Fig. 1).
In 32 of 43 infants (74%) with proven (n = 2)
and possible meningitis (n = 30), CSF was
available for MYcrobiota analysis. An additional
five follow-up samples from infants with cul-
ture-proven meningitis were available.

Of the 32 infants whose initial CSF was
available, median age at collection of CSF was
7 days (IQR 3–22) and median time from NICU
admission to CSF collection was 39 h (IQR
12–155). None of the infants had a CSF drain at
the time of CSF collection. In the 48 h

Fig. 1 Study flowchart
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preceding CSF collection, in 31 infants (97%)
antibiotics had been administered. Blood cul-
tures from 28 infants (88%) showed growth of a
pathogenic microorganism (Table 1). Both
infants with proven meningitis and 11 infants
with possible meningitis had been treated for
bacterial meningitis (41%).

Comparing MYcrobiota Results
to Conventional Bacterial Culture
in Diagnostic Samples

The MYcrobiota platform detected the presence
of bacterial OTUs in 7 of the 32 (22%) diag-
nostic CSF samples (Fig. 2-1 and Table 1). Four
samples tested positive for streptococci OTUs,
in concordance with the blood culture results
from these infants, from which S. agalactiae was
cultured. Two samples tested positive for Enter-
obacteriaceae spp. OTUs, which was in concor-
dance with the result of the CSF culture growing
Citrobacter koseri in one infant and growth of K.
pneumoniae in the blood culture from the other
infant. One sample tested positive for a
Yersiniaceae spp. OTU; however, blood and CSF
cultures were negative.

In the two infants with a CSF culture-proven
meningitis and CSF available, MYcrobiota could

confirm both diagnoses. In total, 13 infants had
been treated for bacterial meningitis, in whom
MYcrobiota was able to confirm the presence of
bacteria in six samples (46%) (Fig. 2-2).

Nineteen infants had not been treated for
bacterial meningitis and in 18 infants (95%) the
MYcrobiota platform confirmed the absence of
bacterial OTUs. However, in one sample low
amounts of Yersiniaceae spp. were detected (as
described above). The infant was not treated for
bacterial meningitis, and antibiotic treatment
was stopped after 1 week because of negative
cultures and favourable clinical course.

Comparing MYcrobiota Results
to Conventional Bacterial Culture
in Follow-Up Samples

Five follow-up samples collected from four
infants with proven meningitis were available
for comparison (Table 2, Fig. 2-3). All were col-
lected when the infants received targeted
antibiotic therapy. Four follow-up samples
resulted in negative culture results; no culture
was performed on the remaining sample.
MYcrobiota tested positive for the expected
bacterial OTUs in four out of five follow-up
samples. The MYcrobiota negative follow-up

Fig. 2 Percentage of positive CSF cultures and MYcro-
biota results of (1) the 32 diagnostic CSF samples, (2) the
13 diagnostic CSF samples from infants treated for

bacterial meningitis, and (3) the 5 follow-up samples.
Numbers represent the number of positive test results
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sample had to be diluted by a factor of 20 before
it could be processed because of a low amount
of CSF available, which increases the limit of
detection.

DISCUSSION

In this study, we investigated 37 CSF samples
from 35 infants with suspected bacterial
meningitis using MYcrobiota and compared the
results to conventional bacterial culture. Our
results show the added value of testing CSF
samples from infants with suspected meningitis
using the MYcrobiota platform as this method
results in a higher positivity rate compared to
conventional culture (30% vs. 5.6%), and it
allows for the detection of microorganisms in
CSF samples despite the use of antibiotics prior
to sample collection as was also clearly
demonstrated in our follow-up cohort. Also, it
ruled out meningitis in all children with possi-
ble meningitis in accordance with the clinical
judgement.

Compared to CSF culture, MYcrobiota con-
firmed the CSF culture results of the two proven
bacterial meningitis and identified potential
bacteriological aetiologies of meningitis in five
additional cases with CSF culture-negative
results. In all but one case, the detected bacterial
OTUs by MYcrobiota were in concordance with
the bacteria detected with conventional blood
and/or CSF cultures. Interestingly, the dis-
crepant sample (repeatedly) tested positive for
Yersiniaceae spp. OTU using MYcrobiota,
whereas the blood and CSF cultures remained
negative. Further determination using nano-
pore sequencing showed that the sample con-
tained Serratia liquefaciens, which is a very rare
causative agent of meningitis [12]. This infant
was not treated for bacterial meningitis and the
significance of this finding remains unclear as
the infant recovered clinically well. Contami-
nation during the process between collecting
the sample and DNA isolation cannot be ruled
out. False-positive results of MYcrobiota from
contamination are uncommon because of the
extraction of the results of a negative control
sample, which is illustrated by the fact that all
sample results of this study were negative or

contained a single bacterium species. Further-
more, a high positive predictive value of the
MYcrobiota platform has been shown previ-
ously [7, 13]. Nevertheless, clinical correlation
of positive results is mandatory before cessation
or initiation of antibiotic treatment based on
test results.

The improved clinical sensitivity of MYcro-
biota compared to CSF culture is also confirmed
by the higher detection rate (80% vs. 0%) in
follow-up samples from culture-proven menin-
gitis despite several days of antibiotic therapy.
Again, all detected bacterial OTUs by MYcro-
biota were in concordance with the bacteria
detected with diagnostic CSF culture results, but
none of these bacteria were detected in these
follow-up samples using culture due to the
administrated antibiotic therapy and despite
the need for sample dilution in one sample.
Although the clinical sensitivity of MYcrobiota
seems high, it remains unclear whether the
seven infants treated for meningitis but with
negative MYcrobiota results did not have bac-
terial meningitis or that the MYcrobiota plat-
form gave false-negative results. Larger studies
are needed to investigate this but are likely
similarly hampered by the small sample vol-
umes that can be taken and stored after culture
in infants. In the remaining 18 infants who
were not treated, MYcrobiota confirmed the
absence of bacterial OTUs, suggesting clinical
decision making is safe but may be supported
and facilitated by diagnostic tools such as
MYcrobiota.

Other culture-free techniques for diagnosing
meningitis include targeted PCR assays, multi-
plex PCR assays, broad range 16S rRNA gene
PCR/Sanger sequencing assays, and NGS, with
varying sensitivity and specificity [4]. Conven-
tional 16S rRNA gene PCR/Sanger sequencing
assays have the same advantage as MYcrobiota
of being a broad range strategy that removes the
need for an a priori knowledge of the potential
bacterial pathogen before a test is performed.
However, in contrast to MYcrobiota, these
methods rely on relatively high concentrations
of bacteria in samples and are therefore unlikely
to have adequate sensitivity for exclusion of
meningitis [14, 15]. Another alternative for
diagnosing meningitis is the use of commercial
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meningitis multiplex PCR panels, which also
have the advantage of having short processing
times [5]. For example, the BioFire FilmArray
Meningitis/Encephalitis Panel is extensive and
includes viral pathogens as well; however,
results are limited to the included pathogens.
Comparing the pathogens of our study with the
pathogens of this panel, K. pneumoniae and C.
koseri would have been missed by this com-
mercial multiplex PCR panel.

MYcrobiota has some inherent technical
limitations. Like all short-read 16S rRNA gene
NGS methods, MYcrobiota currently lacks
accurate prokaryotic identification at the spe-
cies level for most OTUs due to the lack of the
discriminative power of the partial 16S rRNA
gene used. Implementation of third generation
sequencing techniques, such as nanopore
sequencing, can overcome this limitation by
generating (near) full-length 16S rRNA gene
sequences. In addition, nanopore sequencing
can collect and analyze sequence data in real
time, which can significantly shorten the time
to result compared to the current configuration
of the MYcrobiota platform based on NGS.
Future versions of MYcrobiota should demon-
strate whether 16S rRNA gene nanopore
sequencing can performed timely, accurately,
and cost-effectively in a clinical microbiological
diagnostic setting.

Some limitations apply to our study design.
First, the sensitivity of the MYcrobiota platform
is hampered by the amount of sample available;
in this study only remnant samples were used,
making dilution a necessity for some samples.
In addition, due to the low numbers of infants,
and only using samples with sufficient volume
in storage, our cohort may have some form of
bias, which impeded reliable statistics; there-
fore, we chose not to perform statistical tests
and only used descriptive terms. Furthermore,
in samples which were contaminated with
peripheral blood, it is unknown whether the
microorganisms found were present in CSF or
present in blood. Lastly, our definition of pleo-
cytosis is conservative; other studies might use
other limits [16]. This may have led to inclusion
of children without meningitis in our cohort of
possible meningitis and hence to a larger

proportion of MYcrobiota-negative cases of
possible meningitis.

CONCLUSIONS

In conclusion, obtaining accurate quantitative
16S rRNA gene NGS-data using the MYcrobiota
platform enables the identification of bacteria
present within CSF samples that were not
always identified using conventional bacterial
culture methods or, alternatively, confirms the
absence of 16S rRNA gene copies in culture-
negative samples. Therefore, MYcrobiota is a
promising tool to aid in the diagnosis of bacte-
rial meningitis, but further studies are needed to
evaluate its performance on treatment deci-
sions, cost-effectiveness, and, ultimately,
patient outcomes.
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