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The accurate diagnosis of pneumococcal disease has frequently been hampered not only by the difficulties in
obtaining isolates of the organism from patient specimens but also by the misidentification of pneumococcus-
like viridans group streptococci (P-LVS) as Streptococcus pneumoniae. This is especially critical when the
specimen comes from the respiratory tract. In this study, three novel real-time PCR assays designed for the
detection of specific sequence regions of the lytA, ply, and psaA genes were developed (lytA-CDC, ply-CDC, and
psaA, respectively). These assays showed high sensitivity (<10 copies for lytA-CDC and ply-CDC and an
approximately twofold less sensitivity for psaA). Two additional real-time PCR assays for lytA and ply described
previously for pneumococcal DNA detection were also evaluated. A panel of isolates consisting of 67 S.
pneumoniae isolates (44 different serotypes and 3 nonencapsulated S. pneumoniae isolates from conjunctivitis
outbreaks) and 104 nonpneumococcal isolates was used. The 67 S. pneumoniae isolates were reactive in all five
assays. The new real-time detection assays targeting the lytA and psaA genes were the most specific for the
detection of isolates confirmed to be S. pneumoniae, with lytA-CDC showing the greatest specificity. Both ply
PCRs were positive for all isolates of S. pseudopneumoniae, along with 13 other isolates of other P-LVS isolates
confirmed to be non-S. pneumoniae by DNA-DNA reassociation. Thus, the use of the ply gene for the detection
of pneumococci can lead to false-positive reactions in the presence of P-LVS. The five assays were applied to
15 culture-positive cerebrospinal fluid specimens with 100% sensitivity; and serum and ear fluid specimens
were also evaluated. Both the lytA-CDC and psaA assays, particularly the lytA-CDC assay, have improved
specificities compared with those of currently available assays and should therefore be considered the assays
of choice for the detection of pneumococcal DNA, particularly when upper respiratory P-LVS might be present
in the clinical specimen.

Streptococcus pneumoniae continues to be a serious etiologic
agent of disease throughout the world, causing a range of
illnesses which include otitis media, sinusitis, pneumonia, bac-
teremia, and meningitis (1, 6). The limitations of culture-
based, conventional tests for the detection of S. pneumoniae
make the establishment of a definitive diagnosis difficult. Iso-
lation of S. pneumoniae from blood, the recognized “gold stan-
dard,” occurs in only 20 to 30% of adult cases of pneumococcal
pneumonia and less than 10% of cases among children (18,
24), and serologic assays for both antibody and antigen detec-
tion lack specificity and sensitivity (16, 30). Although the re-
cently introduced Binax NOW urine antigen test has been
shown to be sensitive and specific for the detection of the
organism in adults in some studies (22, 23), it is unable to distin-
guish between carriage and disease in children (11). Com-
pounding this problem, the misidentification of pneumococ-
cus-like viridans group streptococci (P-LVS) as S. pneumoniae
presents additional opportunities for the misidentification of

the causative agents of infections (3), especially when identi-
fication is attempted with specimens from nonsterile sites, such
as sputum. The identification of S. pneumoniae has classically
been based on bile solubility, optochin sensitivity, and the
GenProbe AccuProbe Pneumococcus identification test (14);
but increasingly, there have been reports in the literature of the
isolation of P-LVS from clinical specimens, which may give
positive or variable reactions by one or more of these standard
tests for the detection of pneumococci (3). Moreover, among a
subset of reported isolates of P-LVS, a newly recognized spe-
cies classified as Streptococcus pseudopneumoniae has been de-
scribed and characterized (3). S. pseudopneumoniae organisms
are bile solubility negative and are resistant to optochin in the
presence of 5% CO2, but they are AccuProbe assay positive
(3). The appearance of these pneumococcus-like organisms
has complicated identification and diagnosis even further, es-
pecially when specimens from nonsterile respiratory sites are
used for organism identification. Therefore, special care must
be taken to monitor and correctly identify isolates confirmed to
be pneumococci in the clinical setting, and assays in develop-
ment will need to include S. pseudopneumoniae and other
P-LVS in specificity determinations for a more precise diag-
nosis. Previous studies in our laboratories have shown that
DNA-DNA hybridization or the PCR assay based on the au-
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tolysin (lytA) and pneumococcal surface adhesion (psaA) gene
sequences can reliably distinguish S. pneumoniae from S. pseu-
dopneumoniae (21). In a recent publication by Llull et al. (19),
lytA sequences from S. pneumoniae and S. pseudopneumoniae
were carefully analyzed and pneumococcus-specific alleles
were identified. For the differentiation of isolates confirmed to
be pneumococci, they developed a standard PCR based on
these sequences, followed by an enzyme digestion step. Al-
though these techniques are very suitable for organism identi-
fication, they may not be the most ideal for rapid diagnostics.
The development of simple, sensitive, rapid, and more accu-
rate assays for the detection of S. pneumoniae has been en-
couraged and is of the utmost importance in making exact
estimates of disease burden, tracking changes in the epidemi-
ology of S. pneumoniae disease, and evaluating the effective-
ness of currently used vaccines.

To this end, researchers are exploring the use of newer
nucleic acid-based techniques such as real-time PCR to im-
prove pneumococcal disease diagnosis. The advantages of real-
time PCR over conventional assays are its speed; elimination
of the need for postprocessing steps which could contribute to
contamination; and its wider dynamic range, which allows de-
tection over much larger variations in concentrations of the
target. The most important advantage is the lower limit of
detection. Thus, the real-time PCR technology shows great
sensitivity and is the only means of detection of some of the
respiratory viruses (5, 32). Real-time PCR assays for S. pneu-
moniae have been reported in the literature (8, 15, 16, 20, 26,
29). These assays, mostly based on amplification of the lytA and
ply genes, are not in routine use but have been used in research
studies for the detection of pneumococcal DNA and for eval-
uation of their suitability when they are used with different
clinical specimen types (2, 8, 20, 23, 26–29, 33). In this study,
we have developed three new real-time PCR assays for the
detection of specific sequence regions of the pneumococcal
psaA, lytA, and ply genes. These newly developed lytA and ply
assays use primer/probe sequences different from those used in
assays described previously. We have taken advantage of the
extensive strain collection of the CDC Streptococcus Labora-
tory to thoroughly evaluate these new PCRs with a stringent
specificity panel.

An adequate, extensive, and simultaneous evaluation of the
published real-time PCRs performed with the same samples to
ascertain the comparative sensitivities and specificities of the
assays has not been done to date. Therefore, it is unclear if the
use of one assay is more advantageous than the use of another
or if they have equal sensitivities and specificities. In this study,
the three newly developed assays were compared to two pre-
viously published assays, the ply assay developed by Corless et
al. (8) and the lytA assay developed by McAvin et al. (20), to
determine relative sensitivities and specificities. These assays
were chosen because they were performed in-house in our
laboratories. One goal of this study was to thoroughly evaluate
the performance of these assays as well as those of the new
assays by using the same set of isolates and clinical specimens
to assess their relative usefulness. We also wanted to demon-
strate that it is possible, with the use of and access to an
exacting strain collection, to design a highly specific real-time
assay for S. pneumoniae which would not require additional
postprocessing steps.

MATERIALS AND METHODS

Bacterial isolates. The panel consisted of 67 strains representing 44 different
serotypes of S. pneumoniae (serotypes 1, 2, 4, 5, 6A, 6B, 7B, 7C, 7F, 8, 9N, 9V,
10A, 11A, 12F, 13, 14, 15B, 15A, 15C, 16F, 17A, 17F, 18B, 18C, 18F, 19A, 19C,
19F, 20, 21, 22A, 22F, 23B, 23F, 24A, 24B, 28A, 28F, 32F, 33A, 33F, 35A, 35F,
and 40 and 3 nonencapsulated strains from conjunctivitis outbreaks) and 104
nonpneumococcal isolates, including S. pseudopneumoniae, Streptococcus mitis,
Streptococcus oralis, Streptococcus sanguinis, Streptococcus parasanguinis, Strep-
tococcus peroris, Streptococcus infantis, Streptococcus gordonii, Streptococcus cris-
tatus, Streptococcus salivarius, Streptococcus vestibularis, Streptococcus australis,
Streptococcus sinensis, Streptococcus oligofermentans, Streptococcus intestinalis,
Streptococcus pyogenes, Streptococcus agalactiae, Streptococcus canis, Streptococ-
cus anginosus, Streptococcus equi subsp. equi, Streptococcus equi subsp. zooepi-
demicus, Streptococcus porcinus, Streptococcus dysgalactiae, Streptococcus con-
stellatus, Streptococcus iniae, Streptococcus intermedius, Staphylococcus aureus,
Staphylococcus warneri, 13 viridans group streptococci not identified to the spe-
cies level, Dolosigranulum pigrum, Enterococcus faecalis, Escherichia coli, Chla-
mydia pneumoniae, Chlamydia psittaci, Mycoplasma pneumoniae, Legionella
pneumophila, Haemophilus influenzae types a to f and nontypeable, Haemophilus
parainfluenzae, Corynebacterium diphtheriae, Corynebacterium pseudotuberculosis,
Nocardia farcinica, Nocardia asteroides, Klebsiella pneumoniae, Mycobacterium
fortuitum, Mycobacterium tuberculosis, Pseudomonas aeruginosa, Bordetella per-
tussis, and Bordetella bronchiseptica. S. pneumoniae ATCC strain 33400 was used
as a positive control in all assays. All bacterial isolates were obtained from the
culture collections of CDC laboratories (Streptococcus Laboratory, Respiratory
Diseases Branch and Meningitis Laboratory, Meningitis and Vaccine Prevent-
able Diseases Branch).

OPT. The optochin susceptibility test (OPT) was performed on 5% sheep
blood agar plates in 5% CO2 environments, as described by Arbique et al. (3).

BS test. The tube bile solubility (BS) test was performed as described previ-
ously (3, 25).

DNA probe hybridization test. The AccuProbe Streptococcus pneumoniae cul-
ture identification test, based on the rRNA gene sequence, was performed
according to the manufacturer’s instructions (Gen-Probe, San Diego, CA).

DNA-DNA reassociation. Growth, harvesting, and lysis of the bacterial cells
were performed as described previously (3, 7). Extraction and purification of
DNA and DNA-DNA reassociation studies, including determination of DNA
relatedness by the hydroxyapatite hybridization method, were performed as
described by Brenner and colleagues (7). DNA hybridization experiments were
performed at 55°C for optimal DNA reassociation and at the stringent DNA
reassociation temperature of 70°C. The levels of divergence within related se-
quences were determined by assuming that each degree of heteroduplex insta-
bility was caused by 1% unpaired bases. Divergence, expressed by the change in
melting temperature, is the decrease in the thermal stability (in degrees Celsius)
of the heterologous DNA duplex relative to that of the homologous duplexes.
Divergence was calculated to the nearest 0.5%.

Clinical specimens. Clinical specimens consisted of serum, middle ear fluids
(MEFs), and cerebrospinal fluids (CSFs) and were obtained in accordance with
CDC Institutional Review Board stipulations. The sera and MEFs were obtained
from the Soroka University Hospital in Beer-Sheva, Israel. Serum specimens
were collected from 15 patients with pneumococcal bacteremia and 15 age-
matched, ethnic group-matched, healthy control children for whom nasopharyn-
geal swab cultures were negative for S. pneumoniae. MEF specimens consisted of
10 S. pneumoniae culture-positive MEF specimens and 10 S. pneumoniae culture-
negative but H. influenzae-positive MEF specimens. Twenty-five CSF specimens
were obtained from the Laboratorio Central do Estado do Rio Grande do Sul,
Porto Alegre, Brazil, and consisted of 15 specimens from meningitis patients who
were pneumococcal culture positive and 10 CSF specimens from pneumococcus-
negative, Neisseria meningitidis-positive patients. The specimens were shipped on
dry ice and were frozen at �70°C upon arrival.

DNA extraction for real-time PCR analysis. DNA was extracted from the
isolates by a modification of the QIAGEN DNA Mini kit (QIAGEN Inc.,
Valencia, CA) method. Briefly, a loopful of the overnight growth from a blood
agar plate was resuspended in lysis buffer (20 mM Tris-HCl, pH 8.0, 2.0 mM
EDTA, 1.2% Triton X-100) containing 0.04 g/ml lysozyme and 75 U/ml of
mutanolysin (Sigma Chemical Co., St. Louis, MO) and incubated for 1 h at 37°C
in a water bath. The remaining procedures followed the manufacturer’s instruc-
tions.

For clinical specimens, 200 �l of clinical material was added to 100 �l of TE
(Tris-EDTA) buffer containing 0.04 g/ml lysozyme and 75 U/ml of mutanolysin
(Sigma Chemical Co.), and the mixture was incubated for 1 h in a 37°C water
bath. All subsequent steps were as outlined in the QIAGEN DNA Mini protocol
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booklet. DNA was eluted in 100 �l of QIAGEN elution buffer and stored at
�20°C. The concentrations of the DNA extracted from the bacterial cultures
were determined by the Nanodrop method (Nanodrop Technologies, Wilming-
ton, DE).

Real-time PCRs for lytA, ply, and psaA. The two previously published real-time
PCR assays were performed as described previously (8, 20). For development of
the new assays, oligonucleotide primers and fluorescent dye-labeled probes were
designed on the basis of the previously published lytA, ply, and psaA gene
sequences and the sequences available in GenBank by using Primer Express
software (Applied Biosystems, Foster City, CA). The probes were labeled at the
5� end with either 6-carboxyfluorescein (FAM) or, in the case of the psaA probe,
hexachloro-6-carboxyfluorescein (HEX). Black hole quencher 1 (BHQ1; Bio-
search Technologies, Novato, CA) was placed either at the 3� end of the probe
or internally on a thymidine (Table 1). If the sequence was internally quenched,
the 3� end was capped with a phosphate group to prevent extension of the probe.
The primer and probe sequences are listed in Table 1. The assays were carried
out in a final 25-�l reaction volume and were performed by use of the TaqMan
Universal Master Mix kit (Applied Biosystems), according to the instructions of
the manufacturer, with 2.5 �l of sample DNA. The primer and probe concen-
trations for each of the three assays were optimized; and in accordance with the
experimentally optimized concentrations, 500, 200, and 200 nM psaA-, lytA-, and
ply-specific primers, respectively, and 100, 200, and 200 nM psaA-, lytA-, and
ply-specific probes, respectively, were used for all subsequent experiments. A
no-template control and an S. pneumoniae-positive DNA control (S. pneumoniae
ATCC 33400) were included in every run. DNA was amplified with the Mx3000P
system (Stratagene, La Jolla, CA) or the 7500 Real Time PCR system (Applied
Biosystems) by using the following cycling parameters: 95°C for 10 min, followed
by 40 cycles of 95°C for 15 s and 60°C for 1 min. Amplification data were analyzed
by instrument software (Stratagene or Applied Biosystems). Negative samples
were defined as those with cycle threshold (CT) values greater than �40. The new
assays are designated lytA-CDC, ply-CDC, and psaA.

Analytical sensitivity and specificity determinations of real-time PCRs. For
assessments of the lower limits of detection (LLDs), serial 10-fold dilutions
(equivalent to from 6,666 to 6.6 copies) of purified DNA from pneumococcal
reference strain ATCC 33400 were prepared, and aliquots were tested by all five
real-time PCR protocols. Specificity determinations were made by testing at 5
ng/�l the DNAs extracted from 67 S. pneumoniae isolates and 104 nonpneumo-
coccal isolates (listed above) by all five assays.

Real-time PCR of clinical samples. The detection of S. pneumoniae DNA in
the serum, MEF, and CSF specimens was performed in parallel with aliquots of
the same specimen for all assays. DNA extracted (2.5 �l of undiluted DNA or 2.5
�l of a 1:3 dilution) from serum, MEF, or CSF specimens was used in the
amplification reactions. All assays with each clinical sample were performed in
triplicate. A specimen was considered positive if two of the three triplicates gave
a positive result within the �40-cycle cutoff. The assay protocols were as de-

scribed above. A control reaction with RNase P human gene was performed
independently with each sample to check for the presence of inhibitors (13). A
failure to get amplification in this reaction was considered indicative of the
presence of inhibitors.

Mutiplex psaA, lytA-CDC, and ply-CDC real-time PCRs. The three sets of
primers and probes were combined into a single reaction mixture for multiplex
detection. Modifications to the single-gene detection assays included the use of
QIAGEN�s QuantiTect Multiplex PCR NoROX master mixture, changing of the
ply gene probe fluorescent label from FAM to CAL Flour Red 610 at the 5� end
and BHQ2 (both from Biosearch Technologies) at the 3� end, and reduction of
the concentration of the lytA FAM probe to 100 nM from the original 200 nM.
The temperatures and the numbers of cycles remained the same as described
above for the original single-PCR protocols.

RESULTS

LLDs of assays for S. pneumoniae detection. The analytical
LLDs for all five assays were measured by amplifying serial
dilutions of purified extracted genomic DNA from positive
control strain S. pneumoniae ATCC 33400. All five assays
showed high sensitivities with their respective primer pairs and
probes, with a limit of detection equivalent to �10 copies for
all PCRs except the psaA PCR, which was approximately two-
fold less sensitive. All standard curves generated had slopes of
�3.4 to �3.2, with the R2 value being �0.96. The efficiencies of
the assays were very similar and ranged from 96% to 100%.
Evaluation of the five assays for their abilities to amplify DNA
from a panel of 67 S. pneumoniae strains representing 45 se-
rotypes and nontypeable S. pneumoniae strains resulted in
100% amplification or the detection of DNA from all S. pneu-
moniae strains tested.

Specificities of assays for S. pneumoniae detection. The an-
alytical specificity of each of the five assays was evaluated and
the specificities were compared by amplifying DNA extracted
from 104 strains of nonpneumococcal bacteria. These strains
represented several genera of gram-positive and gram-negative
bacteria, some of which inhabit the oral cavity. No amplifica-
tion occurred with any of the nonstreptococci in the specificity
panel. There was, however, amplification with some strains of

TABLE 1. Real-time PCR primers and probesd

Oligonucleotide Sequence Nucleotide
position

GenBank
accession no.

lytA-CDC forward 5�-ACGCAATCTAGCAGATGAAGCA-3� 1841014 AE005672
lytA-CDC reverse 5�-TCGTGCGTTTTAATTCCAGCT-3� 1840961
lytA-CDC probe 5�-FAM-GCCGAAAACGCTTGATACAGGGAG-3�-BHQ1 1840985

psaA forward 5�-GCCCTAATAAATTGGAGGATCTAATGA-3� 166 U53509
psaA reverse 5�-GACCAGAAGTTGTATCTTTTTTTCCG-3� 279
psaA probea,b 5�-HEX-CTAGCACATGCTACAAGAATGATTGCAGAAA

GAAA-3�-phosphate
219

ply-CDC forward 5�-GCTTATGGGCGCCAAGTCTA-3� 721 AE008539
ply-CDC reverse 5�-CAAAGCTTCAAAAGCAGCCTC TA-3� 798
ply-CDC probeb,c 5�-FAM-CTCAAGTTGGAAACCACGAGTAAGAGTGAT

GAA-3�-phosphate
742

a The psaA probe is designed to bind to the reverse strand of the amplicon.
b T, the thymidine on which the internal BHQ quencher was attached.
c For multiplex detection the 5� end label was changed to CAL Flour 610.
d After this study was completed a modification to the probe for the lytA-CDC assay by the addition of a T residue (in boldface) to the 5� end, which yielded the probe

sequence 5�-FAM-TGCCGAAAACGCTTGATACAGGGAG-3�-BHQ1, was shown to improve the intensity of the signal but not change the LLD with purified DNA
or the sensitivity or specificity with DNA from isolates. Unfortunately, the supply of the clinical specimens used in the study and the DNA from them was depleted,
so we were unable to completely evaluate the new probe. All our preliminary experiments with this new probe suggest that it performs as well as the original probe.
We recommend its use and have begun a complete evaluation and validation study.
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P-LVS and S. pseudopneumoniae. The strains of P-LVS were
specifically selected from among strains that were submitted to
the CDC Streptococcus Laboratory which had been difficult to
identify or classify by using the standard methodology criteria.
DNA-DNA reassociation analysis had been performed with
these isolates, in addition to the BS test, OPT, and the Accu-
Probe assay. The DNA-DNA reassociation values revealed
that these P-LVS and the S. pseudopneumoniae strains (Table
2) were not S. pneumoniae. Analysis of these strains by real-
time PCR demonstrated that the new lytA-CDC real-time PCR
assay was the most specific (100%), showing no detectable
fluorescent signal with DNA from the non-S. pneumoniae or-
ganisms in the specificity panel (Table 2). This was followed by
the psaA real-time PCR (98%), which gave positive results with
two of the S. pseudopneumoniae isolates, and the lytA real-time
PCR (96%) published by McAvin et al. (20), which was posi-
tive for four S. pseudopneumoniae isolates. No amplification
occurred with DNAs from P-LVS with the lytA, lytA-CDC, or
psaA primer/probe sets (Table 2). The two ply assays gave
positive reactions with all S. pseudopneumoniae isolates; of the
other isolates of P-LVS, positive reactions occurred with both
the ply (13 of 13) and the ply-CDC (10 of 13) assays, making
final specificities of 78% and 81%, respectively.

Detection of S. pneumoniae in clinical samples. The five
assays were used with three types of clinical specimens (de-
scribed above) to evaluate and compare the results of the
assays (Table 3). The results of all five assays showed excellent
correlations. When specimens were positive or negative by one
assay, the identical specimens were generally positive or neg-
ative, respectively, by the other assays. Only differences in the
total numbers of positive and negative specimens for each were
detected. Sensitivities were calculated on the basis of the re-
sults for the 15 culture-positive serum specimens, even though
one of these was RNase P negative, indicating inhibition. The
sensitivities with serum samples were 53% (8/15) for the lytA-
CDC and ply-CDC assays (1 additional positive specimen for
each assay, but the specimens were different), 47% (7/15) for
the lytA and psaA assays, and 40% (6/15) for the ply assay.
Analysis of the results for the S. pneumoniae culture-negative
sera showed that there was a good correlation between the
results of the assays and that the specificities were good. No
positive results occurred by the psaA, lytA, and ply assays,
resulting in 100% specificities with serum.

Analysis of the MEF and CSF specimens revealed that all
five assays gave positive results for all 10 of the S. pneumoniae-
positive MEF specimens and all 15 CSF specimens, yielding

TABLE 2. DNA-DNA hybridization and real-time PCR for unidentified viridans streptococci and Streptococcus pseudopneumoniaea

Strain Geographic
origin Specimen

Identification
test result

No. of S. pneumoniae
ATCC 33400T/no. of S.

pseudopneumoniae ATCC
BAA 960T reference strains

whose DNA was labeled

Real-time PCR result

OPT BS test GP RBR at
55°C

RBR at
70°C D psaA lytA lytA-CDC ply ply-CDC

S. pneumoniae ATCC
33400T

S � � 100/55 100/28 0.0/3.5 � � � � �

Unidentified viridans
streptococci

868-84 MD Blood R � � 66/ND 59/ND 4.5/ND � � � � �
2901-90 AL Throat R � � 65/ND 51/ND 6.0/ND � � � � �
2904-90 AL Throat S � � 61/ND 49/ND 5.5/ND � � � � �
2909-90 AL Throat R � � 61/ND 46/ND 6.0/ND � � � � �
2913-90 AL Throat S � � 65/52 58/44 4.5/4.5 � � � � �
2916-90 AL Throat R � � 58/ND 42/ND 6.0/ND � � � � �
2918-90 AL Throat S � � 63/ND 54/ND 6.0/ND � � � � �
2919-90 AL Throat R � � 63/ND 54/ND 4.5/ND � � � � �
2920-90 AL Throat S � � 62/ND 53/ND 6.5/ND � � � � �
2921-90 AL Throat R � � 62/ND 58/ND 4.5/ND � � � � �
2939-90 AL Throat R � � 66/ND 57/ND 4.0/ND � � � � �

Streptococcus
pseudopneumoniae

ATCC BAA-960T NS-CA Sputum R � � 62/100 56/100 4.0/0.0 � � � � �
253-03 NS-CA Sputum R � � 70/84 60/74 4.0/2.0 � � � � �
276-03 NS-CA Sputum R � � 68/83 53/77 4.0/1.0 � � � � �
288-03 NS-CA Sputum R � � 70/82 57/50 4.0/0.5 � � � � �
290-03 NS-CA Sputum R � � 70/81 64/75 4.0/1.5 � � � � �
2482-91 AL Throat R � � 58/72 46/71 3.0/1.0 � � � � �
2483-91 AL Throat R � � 58/76 46/71 3.5/1.5 � � � � �
2497-91 AL Throat R � � 37/82 49/80 3.5/2.0 � � � � �
2946-98 AL Throat R � � 61/76 54/76 3.0/1.5 � � � � �
2987-98 AZ NP swab R � � 61/98 50/73 3.0/1.0 � � � � �

a T, type strain; GP, GenProbe Accuprobe Pneumococcus culture identification test; RBR, relative binding relation at 55°C (optimal temperature) and 70°C (stringent
temperature); D, divergence calculated to the nearest 0.5%; ND, not done; AL, Alaska; AZ, Arizona; MD, Maryland; NS-CA, Nova Scotia, Canada; R, resistant; S,
susceptible; NP, nasopharyngeal.

VOL. 45, 2007 PNEUMOCOCCUS DETECTION BY REAL-TIME PCR 2463



sensitivities of 100%. Evaluations of the specificities of the
assays with the 10 culture-negative MEF specimens resulted in
positive results with the same six MEF specimens by the psaA,
lytA, lytA-CDC, and ply real-time PCR assays, yielding speci-
ficities of 40%. An additional specimen was positive by the
ply-CDC assay, for a 30% specificity. Examination of the S.
pneumoniae-negative CSF specimens showed good specificity.
The numbers of positive results were 1 of 10 (90% specificity)
for the psaA assay; 2 of 10 (80% specificity) for the lytA,
ply-CDC, and ply assays; and 3 of 10 (70% specificity) for the
lytA-CDC assay.

Mutiplex CDC real-time PCRs for psaA, lytA, and ply. To
ascertain if use of a combination of the primer/probe sets for
the detection all three genes (psaA, lytA, and ply) at once would
be advantageous in improving sensitivity, we constructed a
multiplex of the three newly developed assays. Evaluations of
the LLDs with serial dilutions of known concentrations of the
pneumococcal positive control strain ATCC 33400 were done,
and the results were compared to those of the singleplex assay
for each gene. These studies showed that the variation was less
than �1 CT value (the cycle number at which the fluorescence
value crosses the threshold) compared to the CT values for all
the singleplex PCRs. Evaluation of the S. pseudopneumoniae
and other P-LVS bacteria yielded results similar to those of the
individual assays. There were no additional positive or negative
reactions.

DISCUSSION

Newer nucleic acid techniques, particularly real-time PCR,
offer an opportunity to readdress the problem of the diagnosis
of S. pneumoniae disease. In the present study we developed
three new S. pneumoniae-specific real-time PCRs and demon-
strated their abilities to detect S. pneumoniae DNA from cul-
tures and three different types of clinical samples. These new
assays were compared with each other and with two previously
described real-time PCRs, with promising results.

The LLDs for all five assays were excellent. All demon-
strated a linear detection range of 6 orders of magnitude and
gave positive amplifications signals with all S. pneumoniae
serotypes and nontypeable S. pneumoniae strains tested. Spec-
ificity evaluations, however, indicated differences among the
assays. None of the five assays amplified any of the nonstrep-

tococcal species tested, but in contrast, the specificity was prob-
lematic for both ply real-time PCRs when the amplification of
S. pseudopneumoniae and other isolates of P-LVS was evalu-
ated; these assays lacked sufficient specificity and amplified
these S. pneumoniae-related strains. Several researchers have
investigated and reported on atypical alpha-hemolytic strepto-
cocci and their likenesses in their phenotypic and genotypic
properties to S. pneumoniae strains (3, 17). Arbique et al. (3)
described S. pseudopneumoniae species and thoroughly dis-
cussed the problems posed for S. pneumoniae disease diagnos-
tics due to both the detection of the ply and the lytA genes in
these organisms and also the high degree of sequence similar-
ity found in the rRNA gene which is used in the GeneProbe
AccuProbe Pneumococcus identification test. The present
study added five more isolates of S. pseudopneumoniae whose
identities were confirmed by DNA-DNA reassociation to the
original ones described by Arbique et al. (3), and again the
rRNA gene sequence region chosen by the GenProbe investi-
gators for their test failed to discriminate between S. pneu-
moniae and S. pseudopneumoniae. The detection of ply in sev-
eral P-LVS isolates and the detection of psaA and lytA in S.
pseudopneumoniae isolates in this study reinforce the call for
caution in choosing sequence regions when these genes are
used for the development of diagnostic assays. In nature, a
taxonomic situation exists in which many mosaic organisms
that do not clearly fit any particular species is evolving over
time, and this could explain the detection of these genes in
pneumococcus-like organisms (3, 12, 17). The role of P-LVS, if
any, in disease has yet to be elucidated. However, a recent
publication by Keith et al. (17) describing a study of patients
with chronic obstructive pulmonary disease (COPD) suggests
that the isolation of S. pseudopneumoniae from sputum speci-
mens was associated with both a history of COPD and the
exacerbation of COPD (17). The increasing ability of labora-
tories to identify this species will help to elucidate its preva-
lence and clinical relevance. It is difficult to say if the lack of
the ability to discriminate between them may have affected
previous clinical studies on the detection and identification of
S. pneumoniae, but this cannot be ruled out.

This study described rapid, reliable assays that clearly dis-
criminate S. pseudopneumoniae and other P-LVS from S. pneu-
moniae. The P-LVS isolates in our specificity panel were in-
tentionally selected because of the difficulty in classifying them,

TABLE 3. Assay results for clinical specimens for all five real-time PCRs

Specimen S. pneumoniae
culture result

No. of
specimens

Real time-PCR result

psaA lytA lytA-CDC ply-CDC ply

Positive Negative Positive Negative Positive Negative Positive Negative Positive Negative

Serum � 15a 7 8 7 8 8b 7 8b 7 6 9
� 15 0 15 0 15 1b 14 1b 14 0 15

MEF � 10 10 0 10 0 10 0 10 0 10 0
� 10 6 4 6 4 6 4 7b 3 6 4

CSF � 15 15 0 15 0 15 0 15 0 15 0
� 10 1c 9 2b,c 8 3b,c 7 2b,c 8 2c 8

a One serum specimen was RNase P gene negative.
b The averages of the CT values was �38 for the lytA, lytA-CDC, and ply-CDC assays.
c CT values were �37 for all five PCRs with the one specimen.
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and thus, their use provides a strict criterion for assay speci-
ficity determinations. Both the lytA-CDC and the psaA real-
time PCRs were highly specific, showing no amplification with
P-LVS isolates. The psaA real-time PCR was slightly less spe-
cific, amplifying two of the S. pseudopneumoniae isolates.
These results correlate with those of an earlier study that used
conventional PCR, showing the utility of these genes in dis-
criminating S. pneumoniae strains (21). Undoubtedly, the in-
creasing incidence of isolation of P-LVS is certain to complicate
diagnosis and create additional obstacles for pneumococcal assay
design; therefore, their inclusion may be required in future
specificity evaluations for pneumococcal assay development.

The clinical performance of these pneumococcal real-time
PCR assays was assessed with a limited number of samples of
three different clinical specimen types. Our studies and those
of others indicate that the choice of specimen comes with its
own set of problems and that many different factors affect the
sensitivities of the assays. Overall, PCR of blood and blood
fractions has been reported to be very unpredictable and chal-
lenging due to the presence of inhibitors in blood and the low
numbers of pneumococci (10, 28, 33). In previous studies,
others have shown that the rate of positivity is greater by PCR
than by culture and have suggested that PCR is more sensitive
(10, 28, 33). In our analysis of pneumococcal culture-positive
serum specimens, the rates of positivity by the five real-time
PCRs correlated well among the various assay but were lower
than expected compared with the culture results. There are
several possible explanations for this. These include delays in
processing and storage of specimens, the drawing of blood at
times different from those at which blood for culture was
drawn, and the presence of low levels of inhibitors. Addition-
ally, while viable organisms are not required for PCR amplifi-
cation, the length of time after the initiation of antibiotic treat-
ment and specimen collection may affect the reactivity of the
PCR, as reported by Dagan et al. (10). Other PCR studies that
have evaluated blood have cited one or more of these reasons
for discordant results (28, 29). For the specimens evaluated in
this study, it is possible that both the storage conditions and the
inability to perform PCR at the same time that the blood
culture was performed may be factors. Thus, a prospective
study with serum specimens collected and stored specifically
for PCR would be a better indicator of the true value of these
real-time PCRs with serum specimens. Use of MEF and CSF
specimens, on the other hand, proved to be 100% sensitive,
possibly reflecting the lack of or the presence of lower levels of
inhibitors or the ease of removal of inhibitors during extraction
and the higher bacterial counts generally seen in MEF speci-
mens than in blood.

Among the culture-negative samples of all three specimen
types (serum, MEF, and CSF), some real-time PCR ampli-
fication of the samples occurred. Again, this occurred in
most cases with identical samples, and there was close to
100% agreement between all five assays, with one or two
specimen outliers. In cases in which this occurred, the av-
erage of the CT value was �38, which is very close to the
assay CT limit of 40. The amplification of samples that are
culture negative has been reported in previous publications
and has been attributed to one or more of the following: (i)
the superior sensitivity of PCR methods over that of culture,
(ii) amplification of viridans group streptococcus-related se-

quences, (iii) detection of bacterial DNA from dead organ-
isms, or (iv) contamination (15, 16, 27). The fact that we
detected S. pneumoniae in MEF specimens that were culture
positive only for H. influenzae is not surprising; other inves-
tigators have reported that up to approximately 24% of
MEF samples from patients result in mixed S. pneu-
moniae-H. influenzae culture isolations (4, 9, 31). Thus, an-
other plausible explanation for these S. pneumoniae culture-
negative, PCR-positive MEF specimens is dual infection not
revealed by culture, for even though S. pneumoniae was
undetectable by culture, its presence and/or the presence of
its DNA cannot be ruled out. Additionally, S. pneumoniae
has previously been detected in healthy children by PCR
(for the ply gene) of serum samples and was attributed to the
carriage of S. pneumoniae (10), which might be doubtful,
since ply gene PCRs have been found to be nonspecific (21).
In our study, the high specificities of the lytA and psaA
assays make it highly unlikely that atypical alpha-hemolytic
streptococci are responsible for the amplification of these
culture-negative clinical samples. In addition, our strict lab-
oratory methods regarding PCR procedures and the fact
that the same samples that were positive by one assay were
positive by the other assays lend support to the true-positive
results for these samples and not positive results due to
contamination by PCR amplicons. Moreover, with samples
from nonsterile sites such as MEF and the difficulty of
pneumococcal culture, the real-time PCR positivity of cul-
ture negative specimens is not unexpected. Therefore, we
suspect that amplification for these culture-negative speci-
mens is most likely indicative of the greater sensitivity of
real-time PCR or the amplification of DNA still present in
specimens from patients treated with antibiotics.

Despite the limited numbers of specimens tested, there was
very good agreement among the results of the assays. The
results with clinical samples were good overall and very prom-
ising. LLD estimations indicate that the real-time assays are
highly sensitive, detecting at least 10 copies for ply and lytA.
However, a true clinical assessment must await the execution
of much larger, well-defined clinical studies with different types
of specimens. Our results clearly demonstrate the enhanced
specificities of the lytA-CDC and psaA assays for the detection
of true S. pneumoniae strains. Although the two ply assays were
shown to be very sensitive, they were much less specific and
their use could be problematic, especially if they were applied
to the analysis of specimens from nonsterile sites. The true
value of real-time PCR for the diagnosis of pneumococcal
disease is not yet firmly established, and thus, no one assay is
routinely used. The newly developed assays described here
present the opportunity to use not only assays with high sen-
sitivities but also assays that have improved specificities com-
pared with those of the assays currently in use. The improve-
ment in specificity allows their use with specimens from
nonsterile sites as well as sterile sites, making them suitable for
use for diagnosis and in carriage studies.

Currently, the trend is to use multiplex assays for the simul-
taneous detection of various pathogens, providing a savings in
time and money. We have done this for a single pathogen but
propose that our lytA-CDC or psaA primer/probe sets would
provide high specificity in an array for respiratory pathogen
detection multiplexed with primers and probes for the detec-

VOL. 45, 2007 PNEUMOCOCCUS DETECTION BY REAL-TIME PCR 2465



tion of other respiratory pathogens. This potential for multi-
plexing and the speed of performance make these assays prom-
ising tools for molecular detection and epidemiologic carriage
studies. This technology should offer an added advantage when
it is used in conjunction with other assays for pneumococcal
disease diagnosis.
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