Veterinary Microbiology 314 (2026) 110881

ELSEVIER

Contents lists available at ScienceDirect
Veterinary Microbiology

journal homepage: www.elsevier.com/locate/vetmic

Feasibility of 16S rRNA gene qPCR for rapid detection of pathogenic

bacteria in bovine cerebrospinal fluid

Sara Ferrini?, Patrizia Nebbia®, Ugo Ala®, Maria Cristina Stella”, Giulia Cagnotti ™,
Giorgia Di Muro“, Marzia Pezzolato b Elena Bozzetta”, Giuliano Borriello®, Claudio Bellino?,

Barbara Iulini °, Antonio D’Angelo*

@ Department of Veterinary Sciences, University of Turin, Grugliasco, Turin, Italy
b Istituto Zooprofilattico del Piemonte Liguria e Valle d Aosta, Turin, Italy

ARTICLE INFO ABSTRACT

Keywords:
Bacterial meningoencephalitis
Bovine neurology

Bacterial meningoencephalitis (BME) in cattle is responsible for economic losses due to mortality, neurological
impairment, and decreased productivity. The use of cerebrospinal fluid (CSF) bacterial culture—the gold stan-
dard for antemortem bacterial detection—is limited by its lengthy processing times and potential false negatives.

f:g ribosomal gene With this study we wanted to determine whether 16S rRNA gene real-time quantitative PCR (16S rRNA qPCR) of
QPCR & DNA extracted from CSF could be used to detect BME in cattle. We applied a modified low-biomass microbial

investigation protocol to extract CSF DNA from 15 healthy cattle and 14 cattle diagnosed with BME. Environ-
mental, DNA extraction, and PCR controls were performed. Bacteria were detected by culture and/or direct
smear microscopy in 4 of the 14 BME cases, in 3 of which 16S rRNA gPCR yielded positive results. Overall, there
was no statistically significant difference between the bacterial load measured via 16S rRNA qPCR in the BME
cases and that of the healthy controls and the DNA extraction controls. While 16S rRNA qPCR demonstrated its
ability to detect bacterial DNA in the CSF samples with high microbial load, it was unable to reliably distinguish
BME cases from healthy controls when bacterial load was low. The question remains whether this limitation is
due to the absence of bacteria in the CSF—despite underlying infection—or whether a low bacterial load is

masked by background contamination. More comprehensive sequencing approaches may provide an answer.

1. Introduction

Central nervous system (CNS) infections - the most prevalent
neurological disorder in cattle (Ferrini et al., 2023a) — are responsible for
substantial economic losses due to mortality, neurological damage, and
reduced productivity (Fecteau and George, 2004). Pathogenic bacteria
are the leading cause of infection (Stokol et al., 2009) and rapid disease
progression, with high morbidity and mortality unless promptly treated
with appropriate antimicrobials. Common infectious bacterial species
are Escherichia coli, Trueperella pyogenes, Histophilus somni, Pasteurella
multocida, and Listeria monocytogenes (Fecteau and George, 2004).
Crucial for effective treatment and prevention of disease spread is
prompt diagnosis, which can be delayed by nonspecific clinical signs and
inconclusive blood test results (Clarke et al., 2019). Cerebrospinal fluid
(CSF) collection is a direct reliable method for diagnosing CNS infection
in cattle, whereas advanced imaging techniques are often impractical in
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large animals (Nagy, 2017). CSF bacterial culture remains the gold
standard for antemortem diagnosis but is limited by a high rate of
false-negatives and lengthy processing time (48-72h) (Scott, 2004).
Moreover, while PCR and other alternative methods can detect
pathogenic bacteria, their shear variety often produces mixed aerobic-
anaerobic infections, raising the need for a universal biomarker for
broader detection. Indeed, the 16S ribosomal RNA (rRNA) gene is highly
conserved across all bacterial species, making 16S rRNA gene real-time
quantitative PCR (16S rRNA qPCR) a valuable tool for quantifying total
bacterial load and providing faster diagnostic results (Aggarwal et al.,
2020). The technique has been applied in the evaluation of septic sy-
novitis in horses and dogs (Vilén et al., 2021; Pille et al., 2007); however,
its use for diagnosing bacterial CNS infection has not yet been explored
in veterinary medicine. Promising findings from human medicine sup-
port the potential of 16S rRNA PCR as a diagnostic tool for bacterial
meningitis (Srinivasan et al., 2012), thus underscoring the need for
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further investigation in veterinary contexts.

Lastly, PCR techniques are highly sensitive, and CSF is a low-biomass
specimen. Given these two factors, along with previous findings (Ferrini
et al., 2023b) highlighting the challenges of distinguishing true CNS
infection from incidental contamination in CSF with PCR-based ap-
proaches, we applied a specialized low-biomass protocol to perform 16S
rRNA qPCR on DNA extracted from CSF. This approach integrates
negative and positive controls and reinforces sterility measures to
enhance the identification of bacterial meningoencephalitis (BME) in
cattle. Our hypothesis was that 16S rRNA qPCR of DNA extracted from
CSF could offer a viable alternative to conventional methods for
detecting BME in cattle.

2. Methodology
2.1. Study sample

The study sample was a healthy group (N = 15) and a group of cattle
diagnosed with BME (N = 14).

2.1.1. Healthy group

CSF samples were collected from 15 healthy cattle housed at the
Department of Veterinary Science of Turin, according to Ministerial
authorization (Authorization No. 242/2020 - PR). Health status was
based on unremarkable general physical and neurological examinations
and normal complete blood analyte panel.

2.1.2. BME group

Cattle referred for neurological signs suggestive of a CNS disorder to
the Neurology Service of the Veterinary Teaching Hospital (VTH),
Department of Veterinary Science of Turin, were eligible for inclusion in
the study. All underwent general physical examination, neurological
examination by a board-certified neurologist (ADA), blood and CSF
sampling in the field, and CSF bacterial culture or necropsy when
possible. Only cases with a confirmed diagnosis of BME were deemed
eligible for inclusion, resulting in a final sample of 14 cattle. Final
diagnosis was established on a combination of clinical findings,
compatible CSF results, treatment response, bacterial identification in
CSF and/or nervous tissue, and/or necropsy observations consistent
with BME.

This prospective study was conducted in accordance with current
animal welfare regulations (Italian Legislative Decree 146/2001 of 26
March 2001 implementing the European Council Directive 98/58/EC of
20 July 1998). The study was approved by the Bioethics Committee of
the University of Turin (Prot. N. 0251347). Written informed consent
was obtained from the animals’ owners before veterinary assessment
and treatment of their animals. Samples were collected during routine
diagnostic evaluation.

2.2. Sample collection

CSF was collected from the lumbosacral subarachnoid space using
the procedure described by Mayhew and MacKay (2022). The animals
were positioned in either sternal recumbency or standing position.
When necessary, sedation was administered using xylazine hydrochlo-
ride (Rompun®, Bayer, Leverkusen, Germany). The CSF collection site
was shaved, surgically prepared, and local anesthesia was provided by
subcutaneously injecting 2.5 mL of procaine hydrochloride (Procami-
dor®, Richter Pharma Ag, Wels, Austria). The operator performing the
sampling wore sterile gloves. Based on body size, sterile spinal needles
either 18 G and 90 mm in length or 21 G and 50 mm (Becton, Dickinson
and Company [BD]®, Franklin Lakes, NJ, USA) were used for CSF
collection. The CSF was collected by gently aspirating it into a syringe
attached to the needle hub and immediately placed in sterile tubes. One
aliquot was used for routine analysis and microscopic evaluation within
1 h, another aliquot was stored at —80° C until 16S qPCR analysis, and a
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third was sent for bacterial culture when sufficient CSF was available.
Bacterial culture analysis was conducted following standardized
guidelines (Public health England, 2017) while smear microscopy was
performed following centrifugation and Gram staining. Hairs from the
CSF sampling site in the healthy cattle were collected and stored at —80°
C until 16S qPCR analysis. Hair samples, which are exposed to envi-
ronmental bacterial colonization, were included as controls to evaluate
potential environmental contamination introduced during CSF
collection.

2.3. DNA extraction

DNA was extracted from the CSF samples using a DNeasy Blood &
Tissue Kit (Qiagen, #69504, Hilden, Germany), with modifications
optimized for low-biomass microbial investigation in a previously
established protocol (Nejman et al., 2020). All DNA extraction proced-
ures were performed in a class II biological safety cabinet following UV
decontamination (30 min), lysozyme lysis (30 min), and proteinase K
digestion (60 min). Bead beating was conducted both before and after
digestion using a TissueLyser (Qiagen, #9003240). To control for
contamination and batch effects, 15 DNA extraction controls (empty
tubes processed alongside the samples) were performed. All samples,
including the controls, were processed in three separate rounds using the
same protocol and reagents, with each round consisting of five DNA
extraction controls. DNA concentration was measured using a NanoDrop
spectrophotometer (Thermo Fisher Scientific #ND-ONE-W, Waltham,
MA, USA). Samples with DNA concentration > 20 ng/uL were diluted
prior to PCR analysis.

2.4. 16S rRNA qPCR

The bacterial primers for the V6 region (Sogin et al., 2006) of the 16S
rRNA region were wused in combination: 5 -CNACGCGAA-
GAACCTTANC-3’, 5’- ATACGCGARGAACCTTACC-3’, 5’-CTAACCGAN-
GAACCTYACC-3’, 5’- CAACGCGMARAACCTTACC-3’, 5’-CGACRRCCAT
GCANCACCT-3’. Two pL of the sample were used per reaction, per-
formed in two technical replicates, plus five non-template controls for
the qPCR reactions. DNA was combined with 0.25 pL of 10 uM forward
primers, 0.5 uL of 10 uM reverse primer, and 6.25 uL of Fast SYBR™
Green Master Mix (2X) (Applied Biosystems, #4385612, Foster City, CA,
USA) in a 12.5-pl reaction. The qPCR reaction was performed on a
real-time CFX OPUS 96 well (Bio-Rad, Hercules, CA; USA) PCR system at
95 C for 3 min, followed by 40 cycles at 95C for 3 s, and at 64 C for 30's,
and completed with a dissociation curve. Bacterial load was estimated
from 16S rRNA gene qPCR results by interpolating sample quantification
cycle (Cq) values against a standard curve generated using Escherichia
coli genomic DNA. The standard curve was constructed from serial
ten-fold dilutions spanning 4 x 10* to 40 genome-equivalent copies per
uL. Cq values obtained for each sample were interpolated on this curve
and expressed as E. coli genome-equivalent copies per uL of extracted
DNA, which were used as a proxy for bacterial load.

2.5. Statistical analysis

Statistical analysis was performed using Rstudio version 4.1.3 and
GraphPad Prism version 9.1.1. Quantitative variables were analyzed for
normality distribution with the Shapiro Wilk test and are expressed as
the mean +standard deviation (SD) or the median and interquartile
range (IQR) as appropriate. Categorical variables are expressed as
relative frequency and percentage. Differences in DNA extracted, Cq
values, and estimated bacterial load between samples were evaluated
using the Kruskal-Wallis test, followed by Wilcoxon-Mann-Whitney
pairwise comparisons with Benjamin-Hockeberg p-value adjustment as
needed. The reference interval (RI) with 90 % confidence interval (CI)
for background bacterial loads was calculated using the robust bootstrap
method according to published guidelines (Friedrichs et al., 2012).
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Agreement between 16S rRNA qPCR and conventional diagnostic
methods was evaluated using performance metrics, including sensi-
tivity, specificity, positive predictive value (PPV), and negative predic-
tive value (NPV). Statistical significance was set at alpha < 0.05.

3. Results
3.1. Study sample

3.1.1. Healthy group

The healthy group (n =15) was 7-month-old Holstein cattle: 8 were
male (53 %) and 7 were female (47 %). CSF and hair samples underwent
16S rRNA qPCR.

3.1.2. BME group

The cattle in this group (n =14) were Piedmontese breed (13/14,
93 %), except for one crossbreed (7 %). The median age at presentation
was 19 days (IQR 7-202 days); 8 (57 %) were male and 6 (43 %) were
female. Information about previously prescribed therapy was available
for 13/14 (93 %) animals, of which 8/13 (61 %) had received antibiotics
before the referral and 5/13 (38 %) had received corticosteroids. The
most common neuroanatomical localizations were multifocal (4/14,
29 %) and forebrain (4/14, 29 %). The central vestibular system and
brainstem were each affected in 3/14 (21 % each) cattle. The median
CSF total nucleated cell count (TNCC) was 276.5 cells/pL (IQR
77.2-886.5 cells/pL). Overall, CSF analysis revealed pleocytosis in 13/
14 cases (93 %), with neutrophilic pleocytosis observed in 7/13 (54 %),
mononuclear pleocytosis in 3/13 (23 %), and mixed pleocytosis in 3/13
(23 %). Intracellular bacteria were identified by direct smear micro-
scopy in three CSF samples exhibiting neutrophilic pleocytosis. CSF
bacterial culture was conducted in 13/14 cases (93 %): E. coli was
detected in 3/13 (23 %), Macrococcus luteus in 1/13 (8 %), and Bacillus
circulans in 1/13 (8 %). Additionally, a polymicrobial growth was
detected in 1/13 (8 %). All isolates, except for E. coli, were considered
contaminants. The culture was negative in 7/13 (53 %).

Necropsy performed in 8/14 cases (57 %) consistently revealed
suppurative brain inflammation. Bacterial isolates were obtained in a
subset of these cases, with E. coli identified alone in 3/8 (38 %). A mixed
infection of E. coli, Acinetobacter indicus, and Streptococcus uberis was
detected in one case (13 %). Case details, demographics, clinical find-
ings, diagnostic test results, outcomes, and qPCR results are presented in
Table 1 and Table S1 (Supplementary Materials).

3.2. 16S rRNA qPCR results

3.2.1. DNA extraction

Following DNA extraction, the median DNA concentration from the
infectious CSF samples was 12.8 ng/pL (IQR 4.9-33.2 ng/pL), the me-
dian DNA extracted from healthy CSF samples was 2.4 ng/pL (IQR
2.1-3.2ng/pL), the median DNA extracted from the hair samples was
3.3ng/pL (IQR 2.4-4.2 ng/pL), the median DNA extracted from the DNA
extraction controls was 2.1 ng/pL (1.3-3.8 ng/pL). The DNA concen-
tration extracted from the infectious CSF samples was significantly
higher than in the other samples (Fig. S1, Supplementary Materials).

3.2.2. 16S rRNA qPCR

The standard curve generated using E. coli genomic DNA showed a
linear relationship between Cq values and In-transformed genome-
equivalent copy numbers over a concentration range of 4 x 10* to 40
genome copies per uL. At 40 genome copies, Cq values approached those
of PCR controls, and amplification at lower genome copies was incon-
sistent and not concentration dependent. Accordingly, quantification
was considered reliable down to 40 genome copies per uL, while lower
concentrations were regarded as below the assay’s detection limit.

Table 2 summarizes the Cq values obtained for all samples. There
was no statistically significant difference between the estimated median
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bacterial load/pL (expressed as E. coli genome copies per pL) in the CSF
samples from the BME and the healthy group (1129, IQR 633.4-2271 vs
1578, IQR 1016-1766, respectively). Conversely, the hair samples
yielded the highest bacterial load/pL  (3023,446, IQR
1327,688-18,871,705), which was significantly greater than in the CSF
samples from either group (p <.001). The median bacterial load/pL in
the DNA extraction controls was 851.7 (IQR678.5-1002), similar to that
of the CSF samples from both groups, suggesting potential contamina-
tion from background bacterial DNA during DNA extraction. There was
little bacterial DNA in the PCR controls, with a median of 13.61 bacte-
ria/pL (IQR 8.94-33.84). The bacterial load and the results of multiple
comparison are presented in Fig. 1.

To define baseline/background bacterial DNA levels in low-biomass
samples, a reference interval (RI) for bacterial load was derived from
DNA extraction controls and CSF samples from healthy cattle. The RI
ranged from O to 2115.92 bacteria/pL (90 % upper CI
1717.09-2509.42). The bacterial load in three CSF samples from the
BME group was 3927.11, 37,651.05, and 2895,846.42 bacteria/pL,
respectively, and therefore classified as positive. We sought to determine
whether prior antibiotic therapy affected the results of qPCR analysis
but found no differences in CSF bacterial load between the animals that
had received therapy and those that did not (Fig. 2). Finally, we
compared the Cq values of the DNA extraction controls for batch effect
but found no significant differences between the three batches (Fig. S2
Supplementary Material).

3.2.3. Diagnostic agreement between 16S rRNA qPCR and conventional
CSF bacterial detection

We compared the 16S rRNA gPCR results with conventional CSF
diagnostic methods, including bacterial culture (performed in 13/14
BME cases) and direct smear microscopy (performed in all 14 BME
cases) (Table 3). Table 4 presents the performance metrics for gPCR and
CSF culture/microscopy. Compared with bacterial culture, the sensi-
tivity of QPCR was 67 %, the specificity 100 %, the positive predictive
value (PPV) 100 %, and the negative predictive value (NPV) 90 %.
When compared against direct smear microscopy, the performance of
qPCR was 100 % for all four metrics (sensitivity, specificity, PPV, NPV).

4. Discussion

This is the first study to evaluate 16S rRNA gene qPCR for detecting
bacterial DNA in bovine CSF as a potential diagnostic tool for BME in
cattle. The small sample size warrants cautious interpretation of the
results; nevertheless, the concordance between qPCR findings and con-
ventional diagnostic methods was good. This observation is shared by
findings from human studies that reported similarly strong concordance
between PCR and conventional CSF culture or microscopy (Poppert
et al., 2005; Rothman et al., 2010).

No statistically significant differences in CSF bacterial loads were
observed between the two groups (BME vs healthy cattle). A key limi-
tation—also recognized in human medicine—is the challenge of diag-
nosing culture-negative bacterial meningitis, where 16S rRNA qPCR
often fails to yield definitive results. These findings suggest that bacte-
rial DNA quantification from CSF alone may not have sufficient
discriminatory power to serve as a standalone marker for CNS infection
in cattle and does not appear to outperform conventional techniques.
What remains unclear is whether this limitation is due to the method’s
insufficient sensitivity or the absence of bacteria in the CSF despite an
ongoing CNS infection. Research into sequencing approaches and mi-
crobial profiling of healthy and affected animals is therefore warranted.

We implemented multiple controls to validate our findings and
identify potential contamination sources. The bacterial load in the hair
samples was high, indicating an abundance of environmental bacteria.
However, since our field-based procedures effectively minimized
external contamination, the bacterial levels in the CSF samples from the
healthy group were lower than those in the environment and were



Table 1
Demographic and clinicopathological characteristics of cattle with BME. M denotes male; F denotes female; CSF denotes cerebrospinal fluid; TNCC denotes total nucleated cell count; NA denotes not available.
ID Age Sex  Breed Neuroanatomical CSF CSF Orthogonal CSF bacterial Previous Previous Necropsy findings Outcome
(days) localization TNCC/ interpretation detection antibiotic steroids
pL treatment treatment
INF_1 3 M Piedmontese Forebrain 2.8 Normal Bacterial culture: E. coli; Yes No NA Improved with
cytological smear: Negative antimicrobials
INF_2 8 F Piedmontese ~ Multifocal (Forebrain, 332 Neutrophilic Bacterial culture: E: coli; No No Ventricular sistem empyema - E. coli Death
Branstem) pleocytosis cytological smear: intracellular
rods
INF_3 10 F Piedmontese =~ Multifocal (Forebrain, 221 Mixed Bacterial culture: Negative; No No Suppurative meningoencephalitis - E. Death
Branstem) pleocytosis cytological smear: Negative coli, Acinetobacter indicus and
Streptococcus uberis
INF_4 102 F Piedmontese  Brainstem 132 Mononuclear Bacterial culture: Macrococcus Yes No Suppurative meningoencephalitis Death
pleocyotis luteus (contaminant);
cytological smear: Negative
INF_5 180 M Piedmontese ~ Multifocal (Forebrain, 168 Neutrophilic Bacterial culture: Polymicrobial No Yes Suppurative meningoencephalitis - E. Death
Branstem) pleocytosis growth (contaminants); coli
cytological smear: Negative
INF_6 21 M Piedmontese  Central vestibular 485 Neutrophilic Bacterial culture: E. coli; Yes Yes Suppurative meningoencephalitis - E. Death
system pleocytosis cytological smear: intracellular coli
rods
INF_7 12 M Crossbreed Central vestibular 1392 Neutrophilic Bacterial culture: Negative; Yes No Suppurative meningoencephalitis Death
system pleocytosis cytological smear: Negative
INF_8 270 F Piedmontese  Brainstem 2112 Neutrophilic Bacterial culture: Negative; No No Suppurative meningoencephalitis Death
pleocytosis cytological smear: Negative
INF_9 4 M Piedmontese Forebrain 4820 Neutrophilic Bacterial culture: NA; Yes No NA Lost to follow up
pleocytosis cytological smear: intracellular
cocci
INF_10 18 M Piedmontese Central vestibular 80.6 Mixed Bacterial culture: Negative; Yes Yes NA Improved with
system pleocytosis cytological smear: Negative antimicrobials
INF_11 6 F Piedmontese Forebrain 718 Neutrophilic Bacterial culture: Negative; Yes Yes NA Improved with
pleocytosis cytological smear: Negative antimicrobials
INF_12 1800 F Piedmontese Brainstem 18.4 Mononuclear Bacterial culture: Bacillus Yes No NA Improved with
pleocyotis circulans (contaminant); antimicrobials
cytological smear: Negative
INF_13 468 M Piedmontese ~ Multifocal 400 Mononuclear Bacterial culture: Negative; NA NA Suppurative meningoencephalitis Death
(Forebrain, Central pleocyotis cytological smear: Negative
vestibular system)
INF_14 150 M Piedmontese = Forebrain 67 Mixed Bacterial culture: Negative; No Yes NA Improved with
pleocytosis cytological smear: Negative antimicrobials

1 Mg S

88011 (9202) #1€ A30]01q0.0NN Livuriaro



S. Ferrini et al.

Table 2

Median Cq and IQR for Samples Analyzed Using 16S rRNA qPCR. Cq denotes
quantification cycle; CSF denotes cerebrospinal fluid; IQR denotes interquartile
range.

Sample Median IQR (Lower IQR (Upper
Cq Bound) Bound)
Infectious CSF 27.76 26.97 28.46
Healthy CSF 27.34 27.2 27.88
Hair samples 18.01 17.1 19.02
DNA extraction 28.14 27.9 28.64
controls
PCR controls 33.21 32.34 33.74

comparable with the DNA extraction controls. The bacterial loads in the
DNA extraction controls were far higher than in the PCR controls and
similar to the CSF samples, suggesting that contamination during
extraction contributes substantially to background noise. This might
complicate the differentiation of true bacterial signals in infectious CSF
from background contamination. Numbering among the possible sour-
ces of background contamination are laboratory-related factors such as
extraction-related contamination, cross-contamination among samples
or contamination from reagents. To mitigate such risks, we took several
precautions: DNA extraction was conducted in a clean room in a Class I
biological safety cabinet devoted to this purpose. Additionally, the
samples were processed in three separate rounds, each with five DNA
extraction controls to account for batch effects. Despite such efforts,
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previous studies have reported reagent-associated contamination
(Velasquez-Mejia et al., 2018), emphasizing the need for strict
contamination control measures in low-biomass microbial studies. We
therefore recommend using this technique only in conjunction with
batch-matched DNA extraction controls and interpreting results using a
RI derived from these controls, using the upper limit of the interval
(90 % CI) as the decision threshold.

This feasibility study has few limitations: there was a demographic
difference between the healthy and the BME group, particularly for age
and breed. This discrepancy arose due to ethical constraints associated
with collecting CSF from healthy individuals. Ideally, future studies
should aim to include a larger and more homogeneous sample of healthy
animals, pending ethical approval. Given the exploratory nature of the
present study and its primary aim to evaluate the preliminary feasibility
of the procedure, these constraints may be considered reasonable.
Another limitation is the small BME sample size that tested positive at
culture. While this outcome was expected—given that CSF bacterial
cultures might not result positive even in confirmed cases of CNS
infection (Scott, 2004)—it restricted our ability to make a robust com-
parison between conventional culture and 16S rRNA qPCR. In a study of
cattle presenting with neurological disease at a veterinary referral cen-
ter, infectious and inflammatory conditions accounted for approxi-
mately 50 % of diagnosed cases, highlighting their clinical relevance (1).
Despite this, the diagnosis of CNS infections in cattle remains chal-
lenging and is often constrained by practical, ethical, and logistical
limitations, which partially explain the limited number of animals
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Fig. 1. Difference in Cq (A) and estimated bacterial load (B) between samples. The scatter points represent individual data points. The median and the IQR are
shown. Asterisks (*) indicate level of statistical significance: *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. CSF denotes cerebrospinal fluid.
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Fig. 2. Difference in estimated CSF bacterial load between the individuals that
received antibiotics and those that did not. The scatter points represent indi-
vidual data points. The median and the IQR are shown. Ns denotes
not significant.

Table 3
Comparison between CSF bacterial culture/microscopy and 16S rRNA gene
qPCR results in the sample subgroup with culture data.

A) PCR PCR Total
positive negative

Positive culture 2

Negative culture or growth of 0 10 10

contaminants only

Total 2 11 13

B) PCR PCR Total
positive negative

Positive direct smear cytology 3 0 3

Negative direct smear cytology 0 11 11

Total 3 11 14

Table 4

Diagnostic performance metrics of 16S rRNA gene qPCR vs CSF bacterial cul-
ture/microscopy. PPV denotes positive predictive value; NPV denotes negative
predictive value.

Sensitivity Specificity PPV NPV
Bacterial Culture 67 % 100 % 100 % 90 %
Direct smear microscopy 100 % 100 % 100 % 100 %

enrolled in the present study.

Additionally, while some isolates, such as E. coli, are known patho-
gens in calves, other bacterial species were most likely environmental
contaminants. This highlights the challenge of differentiating true
pathogens from background microbial flora in microbiological di-
agnostics. To enhance diagnostic accuracy, future studies should
incorporate sequencing technologies alongside complementary methods
that can distinguish viable from non-viable organisms and differentiate
true pathogens from contaminants.

Here, we evaluated a promising, rapid diagnostic technique for
bacterial detection that offers a substantial time advantage over con-
ventional culture methods (approximately 4-6 versus 24-72 h) and is
more cost-effective than sequencing-based approaches. Our findings
indicate, however, that it may not be suitable for analysis of low-biomass
samples such as CSF unless the bacterial load is exceptionally high. We
confronted these challenges by implementing multiple contamination
markers in our protocol, including CSF from healthy subjects, environ-
mental samples, and DNA extraction controls. This demonstrated that
relying solely on PCR controls as negative controls can be misleading, as
they may suggest a detectable signal that is indistinguishable from DNA
extraction controls and healthy CSF, which should be inherently sterile.

Finally, our findings underscore the critical need for rigorous
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contamination control measures in low-biomass microbial studies.
While 16S rRNA gPCR remains a powerful tool for bacterial detection,
its application in CSF diagnostics requires stringent validation to ensure
accurate differentiation between true bacterial presence and back-
ground contamination. Future studies should explore sequencing-based
methods. As a more comprehensive alternative, they may provide in-
sights into microbial diversity beyond quantification and enhance
diagnostic accuracy for BME. The selection of appropriate species-
specific qPCR targets is currently constrained by the limited spectrum
of pathogens reported in the literature, which is largely derived from
culture-positive cases. Because culture-based diagnostics may fail to
detect fastidious, slow-growing, or low-abundance organisms (6,11),
relevant taxa may be underrepresented. In this context, assessing mi-
crobial richness, evenness, and taxa composition could help reduce the
risk of misinterpretation due to low DNA yield and could inform the
rational design of multiplex, pathogen-specific QPCR assays targeting a
broad range of identified organisms.
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