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A PCR-based assay was developed to amplify a conserved region of the pneumococcal autolysin gene. The
amplified product was labelled with digoxigenin-labelled dUTP and was detected with a biotin-labelled probe
in an enzyme immunoassay (EIA). The assay was initially tested with suspensions of various serotypes of
Streptococcus pneumoniae and other gram-positive and gram-negative bacteria and was then applied to cere-
brospinal fluid (CSF) specimens from patients with meningitis and those with other neurological disorders.
The assay detected all the serotypes of S. pneumoniae tested, whereas all the other bacterial strains tested were
negative. Seven of the 8 CSF specimens positive for pneumococcus by culture or latex agglutination (LA) were
positive by PCR-EIA, whereas all 10 specimens positive for other organisms were negative. Among 11 patients
with clinically diagnosed meningitis but with negative culture and LA results, 5 were positive by PCR-EIA. The
assay was negative for all but one patient without meningitis; it was positive with the CSF from a child with
immunodeficiency and pneumococcal abscesses on the scalp. PCR-EIA is a useful tool for the diagnosis of
meningitis, especially when culture and LA are negative because of prior antibiotic treatment.

Except during an epidemic of meningococcal infection,
Streptococcus pneumoniae (pneumococcus) is the commonest
cause of acute bacterial meningitis in adults and in children
over 5 years of age (11). The traditional methods of diagnosing
pneumococcal infections are isolation in culture and antigen
detection. In many developing countries isolation of organisms
in culture is often hindered by the use of antibiotics by a large
proportion of patients prior to their arrival at a center where
culture facilities are available. The use of bacterial antigen
detection is an alternative in such situations. However, the
currently available methods such as latex agglutination (LA)
and counterimmunoelectrophoresis require the presence of
$103 CFU of organisms per ml for optimal sensitivity (3, 10).
In recent years, commercial DNA probes have become avail-
able for the diagnosis of a number of infectious diseases (17).
However, this test also requires the presence of $103 organ-
isms to give a positive result (12). Such assays would therefore
be of limited value in detecting pneumococci in the majority of
patients for whom cultures are negative.

Vaccines for the control of Haemophilus influenzae type b
infection have substantially reduced the incidence of invasive
disease due to this organism in most developed countries (1).
Conjugated pneumococcal polysaccharide vaccines are now
undergoing evaluation and hold much promise (5). Adequate
evaluation of these vaccines in field trials will require sensitive
and specific tests for the diagnosis of these infections. The use
of molecular methods of diagnosis of infections such as PCR
would provide a useful tool, especially in regions where anti-
biotics are frequently used before performing bacterial culture.

Several methods for the diagnosis of pneumococcal and H.

influenzae type b infections that use gene amplification have
been described in the literature (7–9, 13, 14, 18, 19, 21). These
assays have used a variety of targets for amplification and have
been tested with a variety of clinical specimens. However, the
value of these assays in detecting pneumococcal DNA in cul-
ture-negative cerebrospinal fluid (CSF) specimens has not
been adequately evaluated. We have developed a sensitive and
specific PCR-based assay which uses enzyme immunoassay
(EIA) for specific detection of the product and have evaluated
its use in diagnosing pneumococcal meningitis in specimens
negative by culture and antigen detection. The preliminary
data from this study are presented.

MATERIALS AND METHODS

Bacterial strains. The following bacterial strains were obtained from the
American Type Culture Collection (ATCC; Rockville, Md.): S. pneumoniae
ATCC 10341, ATCC 10373, ATCC 6314, ATCC 33400, and ATCC 6301; Strep-
tococcus agalactiae ATCC 13813; Streptococcus equi ATCC 33398; Streptococcus
mutans ATCC 25175; and Streptococcus pyogenes ATCC 12344. The following
strains were obtained from the microbiology laboratory of The Johns Hopkins
Hospital, Baltimore, Md.: S. pneumoniae serotypes 4, 9, 18, 19, and 23; Entero-
coccus faecalis; H. influenzae type b; and Staphylococcus aureus. These strains
were used to produce bacterial suspensions for the development and initial
evaluation of the assay.

CSF specimens. CSF specimens were obtained from patients admitted to the
Christian Medical College Hospital, Vellore, India. To test the qualitative sen-
sitivity and specificity of the assay in diagnosing pneumococcal meningitis, we
used four sets of specimens: (i) specimens that were culture or LA positive for
pneumococcus (positive controls); (ii) specimens that were culture positive for
other organisms (negative controls); (iii) specimens from patients without men-
ingitis, i.e., patients with five or fewer leukocytes per mm3 of CSF (negative
controls); and (iv) culture-negative CSF specimens from patients with clinical
meningitis and CSF pleocytosis, i.e., more than five leukocytes per mm3. In-
cluded among the negative controls (the third category) were CSF specimens
from a patient with pneumococcal pneumonia with bacteremia as well as from a
child with an uncharacterized immunodeficiency syndrome who had multiple
abscesses on the scalp from which S. pneumoniae was isolated; neither patients
had meningitis by CSF criteria. All CSF specimens were stored at 270°C till
tested.

CSF cultures and the LA test were performed in the microbiology laboratory
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of the Christian Medical College Hospital, which is a 1,500-bed tertiary-care
hospital. The microbiology laboratory is the reference laboratory for a multi-
center study on invasive bacterial infections being conducted in six centers in
India. External quality assurance of the pneumococcal identification and the
results of serotyping in the laboratory is validated by blind comparisons with the
results obtained by the Statens Seruminstitut, Copenhagen, Denmark. The lab-
oratory offers 24-h service. Specimens are processed immediately on receipt in
the laboratory at any time of the day. Smears are prepared, fixed, and stained
with Gram stain and methylene blue. Turbid CSF specimens are smeared di-
rectly, whereas clear specimens are centrifuged at 1,500 rpm (International
Centrifuge; International Equipment Co., Boston, Mass.) for 15 min and the
sediment is used to prepare smears. All stained smears are counterchecked by a
senior faculty member of the department. For culture, the specimens are inoc-
ulated onto culture plates containing Trypticase soy agar supplemented with 5%
sheep blood or chocolate agar and into thioglycolate broth, and the cultures are
incubated at 37°C in an atmosphere containing 5 to 10% CO2 (4). Isolates were
identified by standard microbiological techniques (20). In addition, the LA test
was also performed by using previously described reagents and techniques (16).

Sample preparation and DNA extraction. Isolates to be tested were inoculated
onto Trypticase soy blood agar plates, and the plates were incubated overnight at
37°C. When pure cultures were obtained, suspensions of the organisms were
made in sterile normal saline.

DNA was extracted and purified from a 200-ml volume of a bacterial suspen-
sion or a CSF specimen with a QIAamp blood kit (QIAGEN, Chatsworth, Calif.)
according to the manufacturer’s instructions.

Primers and probes. A 413-bp fragment of the autolysin (lytA) gene of S.
pneumoniae (base count, 625 to 1038) was used as the target for the pneumo-
coccal PCR. The autolysin gene has been shown to be conserved among all tested
pneumococcal serotypes (12). The following oligonucleotide primers were used:
Lyt A1 (59-GTC GGC GTG CAA CCA TAT AGG CAA-39) and Lyt A2 (59-
GGA TAA GGG TCA ACG TGG TCT GAG-39).

The following nested primers were used to prepare a biotinylated RNA probe
as described previously (2): Lyt A3-T7 (59-TTA ATA CGA CTC ACT ATA
GGT GAA GCG GAT TAT CAC TGG-39) and Lyt A4 (59-AGC GTT TTC
GGC AAA CCT GCT T-39) (underscores indicate the T7 promoter sequence).

A 45-mer oligonucleotide DNA probe, which was biotinylated at the 59 end,
was also synthesized for detection of the PCR product by EIA. The nucleotide
sequence of the probe was as follows: 59-biotin-TGC ATC ATG CAG GTA
GGA CCT GTT GAT AAT GGT GCC TGG GAC GTT-39.

Neither the primers nor the intervening regions displayed any significant
homology to nucleotides other than those derived from S. pneumoniae, as indi-
cated by a computer search using the program Blast 2.0 (National Library of
Medicine, Washington, D.C.).

PCR. The DNA was amplified in a total volume of 100 ml with 0.5 mM primers,
0.2 mM (each) deoxynucleoside triphosphates, 13 PCR buffer, 2.5 mM MgCl2,
and 2.5 U of Taq polymerase. The mixture was incubated in a thermal cycler for
30 cycles at 94, 55, and 72°C for 1 min at each temperature.

Detection of PCR product. In the initial assay development part of the study,
the PCR product was hybridized in solution at 78°C with the biotinylated RNA
probe and was detected in an EIA by previously described methods (2). Subse-
quently, when the assay was performed with CSF specimens in the Indian lab-
oratory, due to the nonavailability of some of the reagents used for the PCR-EIA
in the U.S. laboratory, the assay was modified as follows: (i) Digoxigenin (DIG)-
labelled PCR product was obtained by using 0.19 mM dTTP and 0.01 mM
DIG-UTP in the reaction mixture with the Boehringer-Mannheim dig-labelling
kit (Boehringer Mannheim GmbH), and (ii) the PCR product was hybridized in
solution with the biotinylated 45-mer oligonucleotide DNA probe and the hybrid
was detected by an EIA with the PCR dig-detection kit (Boehringer Mannheim
GmbH) according to the manufacturer’s instructions. The EIA was performed in
duplicate wells. A sample was considered positive if the mean optical density
(OD) value for the duplicate samples was more than 3 standard deviations above
the mean value for the negative controls run in the same batch.

Processing of specimens for PCR and EIA was performed in level 2 biosafety
hoods. Separate workstations were used for DNA extraction, preparation of the
PCR mixture, and EIA. Every fifth specimen in each batch tested was a reagent
blank. The person doing the PCR-EIA was given coded specimens and was
blinded to the results of culture and LA.

The PCR assay was developed in the U.S. laboratory, where testing of the
ATCC and laboratory isolates and determination of the quantitative sensitivity
were performed. The assay was then transferred to the Indian laboratory where
the quantitative sensitivity was redetermined by the modified technique and was
found to be the same as that when the assay was used in the U.S. laboratory. All
CSF specimens from patients were tested in the Indian laboratory.

RESULTS

The assay detected all the serotypes of pneumococcus
tested, whereas all other bacterial strains tested negative. The
results of these tests are depicted in Fig. 1 and 2.

To estimate the quantitative sensitivity of the assay, a sus-

pension of S. pneumoniae ATCC 6301 was prepared. One
aliquot was used for bacterial quantitation, while another ali-
quot was used for DNA extraction. The pneumococcal DNA
content in the suspension was taken to be the DNA equivalent
of the number of CFU of pneumococci in this suspension.
PCR-EIA was performed with serial dilutions of this extracted
DNA. The dilution of DNA which had the equivalent of 3 CFU
of S. pneumoniae in the reaction mixture gave a reading which
was more than 3 standard deviations above the mean value for
the negative controls (Fig. 2).

The results of the PCR-EIA performed with CSF specimens
are presented in Table 1. Eight specimens were positive for S.
pneumoniae, including six that were positive by Gram staining,
culture, and LA, one that was positive by Gram staining and
culture but negative by LA, and one that was positive by Gram
staining and LA but negative by culture. Seven of these eight
specimens were positive by PCR-EIA; the specimen which was
positive by LA and Gram staining but not by culture was also
positive by PCR-EIA. Among four specimens positive for H.
influenzae type b, two were positive by culture, Gram staining

FIG. 1. Polyacrylamide gel electrophoresis and silver staining showing gel
marker (GelMarker I; Research Genetics, Huntsville, Ala.) (lane 1) and PCR
products of S. pneumoniae ATCC 6301 (lane 2), S. pneumoniae ATCC 6314 (lane
3), S. pneumoniae ATCC 10341 (lane 4), S. pneumoniae ATCC 10341 (lane 6), S.
pneumoniae ATCC 33400 (lane 7), S. mutans (lane 8), S. agalactiae (lane 9), S.
pyogenes (lane 11), S. equi (lane 12), E. faecalis (lane 13), and reagent blanks
(lanes 5, 10 and 14).

FIG. 2. Quantitative sensitivity of the PCR-EIA showing fluorescence values
by EIA produced by the PCR products of serial dilutions of S. pneumoniae
ATCC 6301 DNA and of other bacteria.
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and LA, one was positive by culture alone, and one was posi-
tive by LA alone. All four specimens were negative for pneu-
mococcus by PCR-EIA. Similarly, of the six specimens that
were positive for other organisms, including four that were
positive by Gram staining and culture and two that were pos-
itive by culture alone, none was positive for pneumococcus by
PCR-EIA. Of the 11 CSF specimens from patients with men-
ingitis for which Gram staining, culture, and LA for pneu-
mococcus and H. influenzae type b were negative, five were
positive for pneumococcus by PCR-EIA. The clinical charac-
teristics of these five patients are presented in Table 2.

CSF specimens from nine patients without clinical or CSF
evidence of bacterial meningitis were tested. The specimens
from eight patients including two neonates with sepsis in whom
CSF cytology, protein, and glucose content were not suggestive
of meningitis and one patient each with a bacteremic pneumo-
coccal pneumonia, febrile seizure, congenital hydrocephalus,
typhoid encephalopathy, cytophagic panniculitis, and seizure
disorder were negative by PCR-EIA. CSF from a patient with
an undiagnosed immunodeficiency disorder and pneumococcal
abscesses on the scalp repeatedly tested positive by PCR-EIA,

even though the CSF did not show pleocytosis or abnormality
in the protein or glucose content.

DISCUSSION

We have adapted the PCR-EIA for amplification and detec-
tion of an autolysin gene fragment of the pneumococcus. The
assay was found to have a quantitative sensitivity for the de-
tection of DNA equivalent to the amount of DNA from three
organisms. It detected all tested serotypes of pneumococcus,
whereas other streptococci, H. influenzae type b, and S. aureus
yielded a negative result.

The qualitative sensitivity and specificity of the assay were
estimated on the basis of the results of the assay for the pos-
itive controls (specimens for tests of sensitivity) and negative
controls (specimens for tests of specificity) and the ability of
the assay to detect additional cases of pneumococcal infection
determined by the results of the assay with the culture-negative
CSF specimens from patients with meningitis. Seven of the
eight specimens that were culture or LA positive for pneumo-
coccus were positive by PCR-EIA. The isolate from the only
specimen that tested negative was the only one that showed
intermediate resistance to penicillin. Since tolerance to peni-
cillin is largely but not completely mediated by amidase activity
(6), we suspected that the negative test result was the result of
a mutation in the gene fragment that we were trying to amplify.
However, when the isolate itself was subjected to PCR with the
same primers, we were able to get a strong positive reaction.
We suspected that the presence of inhibitors of PCR in the
CSF specimen might have been responsible for the negative
reaction. However, dilutions of the CSF also gave negative
results; a sufficient volume of specimen was not available for a
spike-back experiment to prove this hypothesis. All 10 speci-
mens that were culture positive for other organisms were PCR-
EIA negative, as were 8 of the 9 specimens from patients
without meningitis. CSF from one child with multiple pneu-
mococcal abscesses including abscesses on the scalp gave a
positive result. We do not have a good explanation for this
result. Either contamination of the CSF specimen with pneu-
mococcus from the pneumococcal skin abscesses or the pres-
ence of pneumococci in the CSF in the absence of an inflam-
matory response are possible explanations.

TABLE 1. Results of PCR-EIA for detection of S. pneumoniae
with CSF specimens from patients with meningitis

CSF specimen source
No. of

specimens
tested

No. of
specimens
positive by
PCR-EIA

Patients with meningitis
Culture or LA positive for S. pneumoniae 8 7
Culture or LA positive for H. influenzae 4 0
Culture positive for other organismsa 6 0
Culture and LA negative 11 5

Patients without meningitisb 9 1

a Other includes Proteus mirabilis (n 5 1), pseudomonas (n 5 1), coagulase-
negative staphylococci (n 5 1), alpha-hemolytic streptococci (n 5 1), and mi-
crococci (n 5 2).

b Febrile seizures (n 5 2), congenital hydrocephalus (n 5 1), neonatal sepsis
without meningitis (n 5 2), cytophagic panniculitis (n 5 1), typhoid fever with
encephalopathy (n 5 1), pneumococcal pneumonia (n 5 1), and pneumococcal
scalp abscess (n 5 1).

TABLE 2. Selected characteristics of patients with meningitis for whom culture and LA were negative but PCR-EIA was positivea

Patient
no. Age Duration of

illness (days) Prior treatment Mean OD
value OD cutoff CSF findings Treatment and

clinical course

1 5 yr 7 Unknown parenteral
medication

0.258 0.038 WBC, 18/mm3; poly,
20%, glucose: 57 mg/
dl; protein: 22 mg/dl

i.v. chloramphenicol and
penicillin; recovered

2 5 mo 14 Oral amoxycillin 0.804 0.038 WBC, 110/mm3; poly,
5%; glucose, 25 mg/
dl; protein, 118 mg/dl

Also had pneumonia,
subdural effusion, and
hydrocephalus; i.v.
cefotaxime; LAMA

3 3 mo 4 Not known 0.440 0.034 WBC, 15/mm3; poly,
47%; glucose, 60 mg/
dl; protein, 16 mg/dl

i.v. cefotaxime;
recovered

4 22 days 3 i.v. cefotaxime 0.212 0.025 WBC, 48/mm3; poly,
2%; glucose, 37 mg/
dl; protein, 48 mg/dl

Also had pneumonia;
i.v. cefotaxime; died

5 7 yr 5 i.v. chloramphenicol 0.160 0.032 WBC, 120/mm3; poly,
30%; glucose, 63 mg/
dl; protein, 22 mg/dl

i.v. cefotaxime;
recovered

0.174 0.027

a Abbreviations: WBC, leukocyte count; Poly, polymorphonuclear leukocytes; i.v., intravenous; LAMA, left against medical advice.
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These results suggest that the assay has a reasonably high
sensitivity and specificity. Therefore, a positive reaction for 5 of
11 specimens from patients with meningitis for whom culture
was negative for bacteria has a high degree of significance. This
suggests that pneumococcal meningitis is more prevalent in
India than was previously suspected. Beta-lactam antibiotics,
including injectable preparations, are widely used by general
practitioners for the treatment of febrile illnesses in children.
This may render the CSF culture negative and account for the
failure to diagnose many cases of pneumococcal meningitis.
Since our study was done with stored CSF specimens, details of
prior antibiotic treatment were not available for all patients.
However, we were able to document prior antibiotic use by
three patients for whom culture was negative but PCR-EIA
was positive; a fourth patient had received injectable medica-
tions, but the nature of these medications was not known
(Table 2). Prospective studies with specimens from patients for
whom this information is available are being planned.

Previous studies evaluating PCR for the detection of pneu-
mococcal DNA have used fragments of the pneumolysin gene
(15, 19), autolysin gene (8, 9, 14), or PBP 2B gene (21). These
assays were used with a variety of specimens including middle-
ear fluid (19), serum (15), whole blood (14, 21), CSF (13), and
culture supernatant (8, 9). In two of these studies, the PCR-
based assays detected pneumococcal DNA in middle-ear fluid
and blood culture supernatant when routine culture did not
show bacterial growth. Several of these assays used a nested
PCR to obtain optimal sensitivity (13–14, 15, 19). Nested PCR
carries with it the risk of amplification product carryover, lead-
ing to false-positive results, especially when large numbers of
samples are tested. In all the previous assays in which specific
probes were used to identify the amplified product, radiola-
belled oligonucleotide probes were used. This is a particular
disadvantage in developing countries, where proper disposal of
radioactive materials is difficult. We have overcome the prob-
lem of using radiolabelled probes by using an EIA to detect the
PCR product. The use of EIA was found to have a substantially
higher sensitivity in detecting DNA amplified by reverse tran-
scription-PCR of influenza A virus compared to that of poly-
acrylamide gel electrophoresis with silver staining (2). The
increased sensitivity of the assay when EIA instead of gel
electrophoresis is used for detection of the product may obvi-
ate the need to use nested PCR (and therefore the risk of
carryover of the amplification product) and also the problems
of disposal of radioactive material.

Two previous studies have evaluated PCR for the detection
of pneumococcal or H. influenzae type b DNA in CSF (13, 18).
In the first assay (13), a seminested PCR was used. In the
seminested PCR the first amplification resulted in a general
bacterial amplification and the second resulted in specific am-
plification of meningococcus, H. influenzae type b, or strepto-
cocci (not specifically S. pneumoniae). This assay was found to
have close to 90% sensitivity. The second study evaluated the
use of PCR for the detection of H. influenzae, including the
presence of genes conferring ampicillin resistance, in CSF sam-
ples (18). In both studies, sufficient numbers of culture-nega-
tive samples were not tested to determine the value of the
assay with such specimens. CSF has fewer cellular and other
potentially inhibitory components than serum or blood and
therefore may be a preferred clinical specimen for DNA de-
tection by PCR. A third study described the use of a set of a
broad range of PCR primers for the 16S rRNA gene in bac-
teria with three series of probes to identify potentially patho-
genic bacteria in CSF or common CSF contaminants (7). How-
ever, this assay was not evaluated with actual patient
specimens.

The results of this preliminary study indicate that PCR-
based assays are useful adjuncts to conventional bacterial cul-
ture and antigen detection tests in establishing the bacterial
etiology in meningitis in settings where substantial numbers of
specimens are culture negative.
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