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Abstract We aimed to detect causative pathogens in
cerebrospinal fluid (CSF) collected from patients diagnosed
with bacterial meningitis by real-time polymerase chain
reaction (PCR). In addition to Streptococcus pneumoniae,
Haemophilus influenzae, and Mycoplasma pneumoniae
described previously, five other pathogens, Neisseria men-
ingitidis, Escherichia coli, Streptococcus agalactiae, Staphy-
lococcus aureus, and Listeria monocytogenes, were targeted,
based on a large-scale surveillance in Japan. Results in CSF
from neonates and children (n = 150), and from adults
(n = 18) analyzed by real-time PCR with molecular beacon
probes were compared with those of conventional culturing.
The total time from DNA extraction from CSF to PCR
analysis was 1.5 h. The limit of detection for these patho-
gens ranged from 5 copies to 28 copies per tube. Nonspecific
positive reactions were not recognized for 37 microorgan-
isms in clinical isolates as a negative control. The pathogens
were detected in 72.0% of the samples by real-time PCR,
but in only 48.2% by culture, although the microorganisms
were completely concordant. With the real-time PCR, the
detection rate of H. influenzae from CSF was high, at 45.2%,
followed by S. pneumoniae (21.4%), S. agalactiae (2.4%),
E. coli (1.8%), L. monocytogenes (0.6%), and M. pneu-
moniae (0.6%). The detection rate with PCR was
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significantly better than that with cultures in patients with
antibiotic administration (y* = 18.3182; P = 0.0000). In con-
clusion, detection with real-time PCR is useful for rapidly
identifying the causative pathogens of meningitis and for
examining the clinical course of chemotherapy.

Key words Real-time PCR - Bacterial meningitis - cerebro-
spinal fluid(CSF) - Neonate - Adult

Introduction

Bacterial meningitis is a serious and sometimes fatal infec-
tion in both children and adults. The main causative patho-
gens are S. pneumoniae, Haemophilus influenzae type b
(Hib), and Neisseria meningitidis."

The incidence rate and causative pathogens of meningi-
tis vary in various countries due to different social back-
grounds. These are heavily affected by: (i) the availability
of vaccination against Hib and S. pneumoniae, (ii) the avail-
ability of a medical insurance system, and (iii) the hygienic
and sanitary conditions of each country.

In addition to the introduction of the Hib vaccine in
1987,> developed countries in Europe, as well as United
States, implemented vaccination with a 7-valent pneumo-
coccal conjugate vaccine (7PCV) against pneumococci in
2000-2001.** In these countries, the number of meningitis
cases due to Hib has decreased dramatically’® and the
number of cases of invasive pneumococcal disease has been
decreasing gradually.*’™"

In Japan, on the other hand, the incidence rate of bacte-
rial meningitis is estimated to be between 10 and 13 per
100000 in children aged less than 5 years." According to
the 2005 and 2006 large-scale surveillance carried out by
Sunakawa et al.,"” 55% of these cases were caused by Hib
and 19.5% by S. pneumoniae. For meningitis in neonates
and infants aged 3 months or less, Escherichia coli (2.5%)
and S. agalactiae (7.7%) were the dominant pathogens.

Among these causative pathogens, the resistance of Hib
and S. pneumoniae to therapeutic antibiotics has rapidly



increased from about 2000 and has became a topic of con-
troversy in the clinic.”"® B-Lactamase-nonproducing ampi-
cillin-resistance (BLNAR) Hib accounts for 40% of these
cases, and 35% of S. pneumoniae cases were penicillin-resis-
tant S. pneumoniae (PRSP) in 2007. The resistance mecha-
nism in BLNAR originated from some mutations of the fts/
gene, encoding penicillin-binding protein 3, that mediate
septal peptidoglycan synthesis."”

In 2007, Hib vaccination was finally approved by the
government in Japan, but approval has not yet been granted
for 7PCV. Considering this situation, it is desirable to create
rapid detection methods for causative pathogens in patients
diagnosed with meningitis, to allow for the proper selection
of chemotherapeutic agents.

Multiplex real-time PCR for simultaneously detecting
S. pneumoniae, Hib, and N. meningitidis was previously
reported by Corless et al."® In addition to these pathogens,
a single identification system for S. agalactiae’ and Myco-
bacterium tuberculosis™ has been described, but a detection
system that covers bacterial meningitis in neonates to adults
has not been developed yet.

In the present study, we aimed to develop a real-time
PCR that could simultaneously detect eight pathogens;
namely, in addition to S. pneumoniae, H. influenzae, and N.
meningitides, E. coli, S. agalactiae, and Staphylococcus
aureus, which are the major causative pathogens in neonatal
meningitis; and Listeria monocytogenes and Mycoplasma
pneumoniae, which are rarely the causative pathogens.

We report an identification system using real-time PCR
with pathogen-specific molecular beacon (MB) probes and
primers for eight meningitis pathogens; we also describe the
results when applied to cerebrospinal fluid (CSF) assay,
together with the results of conventional culturing.

Methods
Clinical samples

A total of 168 CSF samples collected from patients who
were diagnosed with bacterial meningitis, based on clinical
symptoms, CSF findings, and blood examination testing,
were sent to our laboratory for bacterial identification from
doctors belonging to medical institutions throughout Japan
from January 2005 to December 2007. These samples were
transported under frozen conditions at —20°C within 24 h
of collection. For CSF collection and examination from
patients, informed consent was obtained by the doctors in
attendance from the parents or the responsible family
members.

Bacterial culture and DNA extraction

Upon arrival at our laboratory, the CSF samples were
thawed and immediately centrifuged at 10000 rpm for
10 min at 4°C.

From a total 150 uL of sediment, 10 uL. of each sample
was inoculated onto sheep blood agar and chocolate IT agar
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(Nippon Becton Dickinson, Tokyo, Japan). These plates
were then incubated overnight at 37°C in an atmosphere of
5% CO,. On the following day, if bacterial growth was
observed on the plates, the colonies were identified by the
standard methods™ and also their antibiotic susceptibilities
were measured.”

DNA extraction from 100 puL of the sediment was imme-
diately carried out by using an EXTRAGEN II kit (Tosoh,
Tokyo, Japan).” Finally, the harvested DNA pellet was
resuspended in 40 uLL of DNase- and RNase-free H,O. The
time required for the DNA extraction process was within
15 min.

Real-time PCR for bacterial detection

The following eight bacterial pathogens were subjected to
the real-time PCR analyses: E. coli, L. monocytogenes, N.
meningitidis, S. agalactiae, S. aureus, S. pneumoniae, H.
influenzae, and M. pneumoniae.

Oligonucleotide primers and MB probes were designed
using Beacon Designer 2.0 Software (Premier Biosoft Inter-
national, Palo Alto, CA, USA). The primers, MB probes,
target genes, and amplicon sizes (bp) for the eight patho-
gens are shown in Table 1.

The eight pathogens were grouped in pairs and
they were analyzed simultaneously with four tubes. Their
combinations were as follows: S. pneumoniae (a) and H.
influenzae (b) in tube A, E. coli (a) and S. agalactiae (b) in
tube B, N. meningitidis (a) and L. monocytogenes (b) in
tube C, and M. pneumoniae (a) and S. aureus (b) in tube D.
The MB probes for detecting pathogens marked (a) were
labeled with fluorescent dye, 6-carboxy-2’,4,4’,5",7,7’-hexa-
chlorofluorescein (HEX), at the 5’-terminal, whereas those
marked (b) were labeled with 6-carboxyfluorescein (FAM).
All MB probes were labeled with black hole quencher 1
(BHQ-1) at the 3’-terminal.

The PCR reaction mixture consisted of: (i) 25 pL of
2xReal-time PCR Master Mix (Toyobo, Tokyo, Japan), (ii)
0.2 uM of each primer, and (iii) 0.3 uM of each MB probe,
and the final volume of the mixture was adjusted to 50 uL
by the addition of DNase- and RNAase-free H,O. Four
reaction mixtures were pipetted into four wells of six-tube
strip, and two of the remaining wells were used as positive
and negative controls. The strip was filled with reaction
reagents and stored at —30°C until used. The frozen PCR
reagent, when it was used for assays, was thawed on ice and
2 uL of each DNA sample from CSF was added to each
well.

After that, real-time PCR was performed immediately
with Stratagene Mx3000P (Stratagene, La Jolla, CA, USA).
The PCR conditions were as follows: an initial DNA dena-
turation step of 95°C for 30 s, followed by 40 cycles of 95°C
for 15 s,50°C for 30 s and 75°C for 20 s, and at 75°C for 30 s,
successively. S. pneumoniae chromosomal DNA was used
in each assay as a positive control.

The time required for the whole process from DNA
extraction to the end of the real-time PCR operation was
1.5h.
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Sensitivity and specificity of real-time PCR

The sensitivity of the present real-time PCR procedure was
determined for the five pathogens: E. coli, L. monocyto-
genes, N. meningitidis, S. agalactiae, and S. aureus. The sen-
sitivity for S. pneumoniae, H. influenzae,and M. pneumoniae
had already been examined in our previous study.” The
procedure was performed with three strains each from the
five species by tenfold serial dilutions of bacterial cells from
10° to 10°/mL.

The specificity of the MB probes and primers was tested
with 37 Gram-positive and -negative microorganisms in
clinical isolates in addition to the eight targeted bacteria.
The species are listed in Table 2.

Results
Sensitivity and specificity of real-time PCR

The threshold cycle (Ct) value for a positive result was
defined as the point at which the horizontal threshold line
was crossed. The sensitivities of the real-time PCR assay for
the five pathogens, E. coli, L. monocytogenes, N. meningiti-
dis, S. agalactiae, and S. aureus, are shown in Table 3. The
limits of detection per reaction tube were 2 DNA copies for

Table 2. Specificity panel: amplification-negative-control organisms

Genus Species

Streptococcus  S. dysagalactiae subsp. equisimilis, S. mitis, S. milleri,
S. salibarius, S. oralis, S. mutans, S. sanguis, S. bovis

Enterococcus  E. faecalis, E. faecium, E. avium

Staphylococcus 8. epidermidis, S. haemolyticus

Moraxella M. catarrhalis

Haemophilus  H. parainfluenzae, H. haemolyticus

Pseudomonas  P. aeruginosa

Klebsiella K. pneumoniae, K. oxytoca

Pantoea P. agglomerans

Proteus P. mirabilis

Serratia S. marcescens

Acinetobacter  A. calcoaceticus

Enterobacter E. cloacae

Citrobacter C. freundii

Mycoplasma M. orale, M. hominis, M. salivarium

Cryptococcus  C. neoformans

Table 3. Sensitivities for six pathogens identified by real-time PCR
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E. coli, 16 copies for L. monocytogenes, 2 copies for N.
meningitidis, 28 copies for S. agalactiae, and 14 copies for
S. aureus. A significant correlation was found between the
tenfold diluted bacterial cell counts and the Ct values,
ranging from y = 0.9709 in L. monocytogenes to y = 0.9989
in N. meningitidis.

Although details of the results are not shown here, the
sensitivities of the remaining three pathogens have previ-
ously been revealed to be two DNA copies for S. pneu-
moniae, ten copies for H. influenzae, and five copies for
M. pneumoniae.”

The specificities of the 5-MB probe and primer sets were
examined for 37 Gram-positive and -negative microorgan-
isms selected from clinical strains as negative controls. Non-
specific positive reactions were undetectable after 40 cycles
in the present real-time PCR procedure.

Comparisons of results between real-time PCR and
bacterial culture

Table 4 shows the details of the causative pathogens identi-
fied by real-time PCR and those confirmed by culturing
from the CSF samples (n = 168) sent to our laboratory.

Among the real-time PCR-positive cases, H. influenzae
was detected at the highest incidence of 76 cases (45.2%),
followed by S. pneumoniae in 36 cases (21.4%), S. agalactiae
in 4 cases (2.4%), E. coli in 3 cases (1.8%), and L. mono-
cytogenes (0.6%) and M. pneumoniae (0.6%) in 1 case each.
There were no positive cases of N. meningitidis or S. aureus
identified during the study periods.

For bacterial culturing, H. influenzae was isolated in
48 cases (28.6%), S. pneumoniae in 27 cases (16.1%), S.
agalactiae in 2 cases (1.2%), E. coli in 3 cases (1.8%), and
L. monocytogenes in 1 case (0.6%).

Ultimately, the causative pathogens were determined in
as many as 72.0% of all samples by real-time PCR, but in
only 48.2% by bacterial culturing. The microorganisms
obtained by bacterial culture and by real-time PCR showed
complete concordance. The sensitivity and specificity of the
real-time PCR were calculated as 100% and 54.0%, respec-
tively. However, this specificity does not reflect the true
percentage, because in many cases with a negative culture
an antibiotic had been prescribed before the bacterial
cultivation of the CSE.

No. of DNA copies/50 uL Threshold cycle (Ct)

of reaction tube

E. coli L. monocytogenes N. meningitidis S. agalactiae S. aureus
10° 18 21 16 26 26
10 21 24 20 29 28
10° 25 28 24 33 31
10? 28 31 27 36 34
10' 31 >40 31 >40 >40
Correlation coefficient® 0.9987 0.9709 0.9989 0.9988 0.9783

*Each value was calculated between the 10 fold diluted bacterial calls and the Ct values
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Table 4. Causative pathogens identified by real-time PCR and by culture of the CSF samples (n = 168)

Causative pathogen PCR (%)

Culture (%)

No. of positive (%)

subtotal (%)

No. of positive (%) subtotal (%)

S. pneumoniae 36 (21.4) 121 (72.0) 27 (16.1) 81 (48.2)
H. influenzae 76 (45.2) 48 (28.6)

S. agalactiae 4(2.4) 2(1.2)

E. coli 3(1.8) 3(1.8)

L. monocytogenes 1 (0.6) 1 (0.6)

M. pneumoniae 1 (0.6) 0

Not detected 47 (28.0) 87 (51.8)

*Sensitivity and specificity of the real-time PCR was calculated 100% and 54.0%, respectively; PCR and culture both positive (n = 81), PCR
and culture both negative (n = 47), PCR negative and culture positive (n = 0), PCR positive and culture negative (n = 40)

Table S. Relationship between positive identification of pathogens in meningitis by real-time PCR and age of the patients

Causative pathogen  n* Pediatrics (n = 106) Subtotal ~ Adults (n = 15) Subtotal
Bm 4-1lm 1y 2y 3y 4y 5-17y 1834y 35-49y 50-64y >65y

positive case

S. pneumoniae 36 2 6 3 2 3 1 5 22 1 3 6 4 14

H. influenzae 76 3 34 14 7 9 4 5 76

S. agalactiae 4 3 3 1 1

E. coli 32 1 3

L. monocytogenes 1 1 1

M. pneumoniae 1 1 1

Subtotal 121 10 41 18 9 12 5 11 106 1 4 6 4 15
negative case 47 11 13 2 1 1 1 15 44 1 1 1 3

*Number of real-time PCR positive case

Relationship between real-time PCR-positivity and age of
the patients

The relationship between positive identification of patho-
gens by real-time PCR and the age of the meningitis patients
is shown in Table 5.

Among pediatric patients aged 17 years or less, a patho-
gen was suspected in 106 patients (70.7%) by real-time
PCR. Five of the 6 patients in whom the pathogen was sus-
pected to be either E. coli or S. agalactiae were neonates
and infants aged 3 months or less. For patients aged between
4 months and 17 years, H. influenzae and S. pneumoniae
were the major pathogens.

Among adult meningitis patients aged 18 years or more,
15 cases (83.3%) were real-time PCR-positive, and most of
them were caused by S. pneumoniae, with the exception of
1 case caused by S. agalactiae.

Influence of prior antibiotic use

The relationship between a history of antibiotic use prior
to CSF collection and the pathogen-positive rate by real-
time PCR or culturing was analyzed in 115 patients for
whom a history of antibiotic use could be accurately fol-
lowed up.

As shown in Fig. 1, 62 patients (53.9%) had received
antibiotics prior to hospital admission. Fifteen patients had
received an injection and 47 patients had been treated by
oral administration. In these 62 patients, the causative

pathogens were identified by culturing in only 18 patients
(29.0%) and by real-time PCR in 36 patients (58.1%).

In the 53 patients without a history of antibiotic admin-
istration, causative pathogens were detected by culturing in
37 patients (69.8%) and by real-time PCR in 47 patients
(88.7%).

Regarding the detection rate of causative pathogens,
real-time PCR was significantly better than culturing
both in patients with antibiotic administration ()’ = 18.3182;
P = 0.0000) and those without antibiotic administration
(x> = 12.1338; P = 0.0005) prior to the evaluation.

Of the 32 patients for whom a causative pathogen was
not detected by either culturing or real-time PCR, 26
patients (81.3%) had previously received antibiotics.

Discussion

In bacterial meningitis, rapid and accurate diagnosis is
essential for the appropriate selection of chemotherapeutic
agents to be used against the putative pathogens in a timely
manner. Causative pathogens in such patients are usually
estimated by Gram staining or agglutination testing of CSF
upon hospitalization. We frequently encounter patients,
however, in whom it is difficult to estimate the causative
pathogen due to previous treatment with an antibacterial
agent.

Considering such a situation, studies applying real-time
PCR, which is becoming more advanced, have been reported
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Fig. 1. Influence of prior antibiotics on the detection of causative pathogens by real-time PCR or culturing

for the detection of causative pathogens in meningitis.'***>

In particular, multiplex real-time PCR, for the identification
of three bacterial species, S. pneumoniae, H. influenzae, and
N. meningitidis, is noteworthy."® This technique is beneficial
for the rapid identification of a causative pathogen with
high sensitivity and specificity.

Distributions of causative pathogens of meningitis and
their mortality rates vary significantly among countries,
however, owing to different levels of infrastructure devel-
opment, such as the availability of vaccination and a medical
insurance system, and the hygienic and sanitary conditions
in each country.

According to a recent large-scale survey conducted in
Japan,”? S. agalactiae and E. coli are the most dominant
pathogens for meningitis in infants aged 3 months or less,
and only rarely is meningitis caused by S. aureus or the
Enterobacteriaceae family. In contrast, Hib (55%) and S.
pneumoniae (19.5%) are reported to be the major causative
pathogens in meningitis cases in children aged 4 months or
more, followed by L. monocytogenes, N. meningitidis,
Gram-negative bacilli, and some other bacterial species.
This high dominance of Hib as a causative pathogen reflects
the situation in Japan that the Hib vaccine had not been
approved by the Ministry of Health, Labor and Welfare
until 2007.

Based on the frequencies of these meningitis pathogens,
as described above, we aimed to develop a real-time
PCR that could also be suitable for identifying suspected
meningitis pathogens in infants. Although this real-time
PCR is limited to the detection of eight causative patho-

gens, we designed it to assay two different bacterial species
simultaneously in one tube to avoid decreasing the sensitiv-
ity of the species. In 98.3% of cases with a positive real-time
PCR result the pathogen could be detected using two reac-
tion tubes, tube A for S. pneumoniae and H. influenzae, and
tube B for E. coli and S. agalactiae.

Additionally, as described in the “Results” section, the
detection rate of the real-time PCR was significantly higher,
at 72.0% of all 168 CSF samples, compared with that of
culturing, at 48.2%. These performance results of real-time
PCR can be considered satisfactory for the detection of
causative pathogens in cases diagnosed as bacterial
meningitis.

Although the results are not shown here, a second-stage
PCR assay was performed to detect antibiotic resistance
genes, using the remaining DNA samples obtained from
CSF, when H. influenzae or S. pneumoniae was suspected
as the causative pathogen. More specifically, the assay for
H. influenzae aimed to detect the B-lactamase gene, PBP3
gene, to identify BLNAR and capsule type b.”’ In cases
where S. pneumoniae was suspected, the presence or
absence of an abnormality in each of three genes encoding
PBP1A, PBP2X, and PBP2B, which affect a decrease in -
lactam susceptibility, was investigated."

As we previously reported, the antibiotic susceptibility
of causative pathogens can be estimated by the 90%
minimum inhibitory concentration (MIC,,) values once the
resistance genes are revealed, because MIC,, is statistically
calculated based on the relationship between gene muta-
tions and antibiotic susceptibility.””" The time required for
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identifying resistance genes is 3.0 h, including the initial
1.5 h for the process from receiving the samples to detecting
the causative pathogen by the real-time PCR. The ability to
reveal resistance genes is hugely beneficial when determin-
ing the appropriateness of an antibiotic.

According to the Practice guidelines for bacterial menin-
gitis,”' which were published in consideration of the current
situation of bacterial resistance in Japan, the carbapenem
antibiotic, panipenem, is recommended for PRSP meningi-
tis, whereas the concomitant use of meropenem and either
cefotaxime or ceftriaxone is preferred for Hib meningitis.

In the future, diagnosis by the real-time PCR presented
in this article also seems promising for the treatment of
severe invasive infections in addition to meningitis.
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