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It is difficult to separate Streptococcus pneumoniae from the genotypically similar species Streptococcus mitis
and Streptococcus oralis, which are commensals of the human oral cavity. A novel nucleic acid amplification
technique, loop-mediated isothermal amplification (LAMP), which amplifies DNA under isothermal conditions
(63°C) with high specificity, efficiency, and rapidity, was examined regarding its applicability for detecting
S. pneumoniae. An S. pneumoniae-specific LAMP primer targeting the lyt4 gene was designed. The primer
specificity was validated using 10 Streptococcus and 7 non-Streptococcus species. Within 60 min, the assay could
detect 10 or more copies of purified S. pneumoniae DNA with a sensitivity 1,000 times that of conventional PCR.
Clinical isolates of 21 other strains (3 S. oralis, 17 S. mitis, and 1 Streptococcus species) that harbor virulence-
factor-encoding genes (lyt4 or ply) were tried to differentiate S. pneumoniae. The detection of S. pneumoniae in
clinical isolates was more selective using the LAMP method than using conventional PCR. Therefore, LAMP
appears to be a sensitive and reliable means of diagnosing S. pneumoniae infection.

Streptococcus pneumoniae is a common major human patho-
gen associated with community-acquired pneumonia, septice-
mia, meningitis, and otitis media (2). While traditional antimi-
crobial therapy has proven to be an effective treatment, the
emergence of antimicrobial-resistant strains has resulted in an
increasing number of cases (10). The isolation and identifica-
tion of pneumococcus is complicated by contamination with
alpha-hemolytic streptococci belonging to the normal flora.
Pneumococcal detection using classical techniques, including
growth-based assays, colonial morphology, optochin suscepti-
bility, bile solubility, and serology, can be time-consuming and
can produce equivocal results. Sensitive and specific assays that
can be completed promptly in the clinical laboratory are es-
sential for early diagnosis and effective antibiotic therapy. Mo-
lecular assays are inherently valuable because detection can be
achieved with enhanced sensitivity and specificity and detec-
tion is not diminished with nonviable organisms.

The molecular methods that have been used to date (3, 6,
17) are expensive and complicated to perform. Varying de-
grees of success have been realized using PCR-based assays for
detecting S. pneumoniae with primers specific to repetitive
regions or to genes encoding rRNA (7, 9, 12), pneumolysin (18,
19, 23), or autolysin (5, 14, 18). Autolysin and pneumolysin,
which are encoded by the lyt4 and ply genes, respectively,
represent potential targets for the specific detection of S. pneu-
moniae. Both genes are essential for pathogenesis and are
well-characterized virulence markers (1). The restricted allelic
variation of lytA (4, 21) makes this gene an ideal target for
specific identification in clinical and epidemiological studies.
For example, the gene may allow the differentiation of S. pneu-
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moniae from the genotypically similar species Streptococcus
mitis and Streptococcus oralis, which are commensals of the
human oral cavity (11).

The application of this strategy was complicated by the re-
cent report of organisms that are genetically and phenotypi-
cally related to S. mitis yet harbor pneumolysin and autolysin
genes (22), which were previously thought to be associated
with pneumococci. This could result in the possible overesti-
mation of S. pneumoniae (20). However, there are several
variations in the autolysin gene sequences of nonpneumococ-
cal organisms compared to the sequences of S. pneumoniae
strains. Clarifying and using the consensus sequence for S.
pneumoniae strains could lead to the more highly specific and
sufficiently reliable molecular diagnosis of S. pneumoniae in-
fection.

In seeking such diagnostic specificity, we investigated the
applicability of a novel nucleic acid amplification method,
loop-mediated isothermal amplification (LAMP) (16). LAMP
amplifies DNA with high specificity, efficiency, and speed un-
der isothermal conditions. The LAMP reaction requires a
DNA polymerase with strand displacement activity and a set of
four specially designed inner and outer primers that recognize
six distinct sequences on the target DNA. Only simple, cost-
effective equipment amenable for use in hospital laboratories
is required. This method also exhibits extremely high amplifi-
cation efficiency, owing, in part, to its isothermal nature; no
time is lost as a result of changes in temperature, and the
reaction can be conducted at the optimal temperature for
enzyme function. Moreover, the inhibition reaction that occurs
at later stages of amplification, which typically confounds PCR,
is less likely to occur. Therefore, LAMP constitutes a poten-
tially valuable tool for the rapid diagnosis of infectious dis-
eases, such as those caused by S. pneumoniae, in commercial or
hospital laboratories.
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TABLE 1. Specificity of the LAMP primers used
to identify S. pneumoniae

Amplification by

Bacterial strain LAMP primers’

Streptococcus mitis ATCC 903” -
Streptococcus oralis ATCC 9811° -
Streptococcus oralis ATCC 10557” -
Streptococcus gordonii ATCC 12396 -
Streptococcus agalactiae TID1625 —
Streptococcus milleri NCTC10703 -
Streptococcus sobrinus NIDR67152 -
Streptococcus sobrinus OMZ176 -
Streptococcus mutans XC47 -
Streptococcus mutans PK1° -
Streptococcus mutans JC2° -
Streptococcus sanguinis ATCC 10556” -
Streptococcus salivarius ATCC 7073" -
Streptococcus salivarius ATCC 9222° -
Streptococcus salivarius HHT® -
Streptococcus pneumoniae R6
Streptococcus pneumoniae ATCC 6305
Streptococcus pneumoniae GTC261 (NCTC7465)°...
Streptococcus pneumoniae 1ID553 (NYSDH DP-2)¢
Streptococcus pneumoniae 1ID554 (NYSDH DP-3, -5A)" ...........
Haemophilus influenzae RD -
Escherichia coli DHS-« -
Actinobacillus actinomycetemcomitans Y-4 -
Porphyromonas gingivalis ATCC 33277 -
Porphyromonas gingivalis 381° -
Porphyromonas gingivalis ATCC 49417° -
Actinomyces naeslundii ATCC 12104> -
Actinomyces naeslundii T14° -
Actinomyces naeslundii WVU627” -
Prevotella intermedia ATCC 25611° -
Prevotella nigrescens ATCC 25261° -
Prevotella nigrescens ATCC 33563" -

¢ +, amplification was seen after a 35-min incubation; —, amplification was not
seen after a 60-min incubation.

® Source: Department of Bacteriology, Nihon University School of Dentistry.

¢ Source: Department of Microbiology, Gifu University School of Medicine.

4 Source: Institute of Medical Science, The University of Tokyo.

Our goal was to establish a highly sensitive and species-
specific LAMP-based S. pneumoniae DNA amplification meth-
od and to examine its reliability in discriminating among spe-
cies.

MATERIALS AND METHODS

Preparation of chromosomal DNA. Genomic DNA was extracted using Dr.
GenTLE for Yeast (TaKaRa Bio Inc., Tokyo, Japan) and was purified using a
QIAamp DNA mini kit (QIAGEN Inc., Valencia, Calif.) in accordance with the
manufacturers’ instructions. The genomic DNA used to evaluate primer speci-
ficity was prepared from 32 strains representing 10 Streptococcus species and 7
non-Streptococcus species (Table 1). For the sensitivity study, purified DNA from
S. pneumoniae ATCC 6305 was isolated as described above and quantified using
an Ultrospec 3300 Pro spectrophotometer (Amersham Pharmacia Biotech, Cam-
bridge, United Kingdom). The number of genomic copies for the LAMP mixture
was calculated by assuming a molecular size of 2 Mbp.

Primer design. Four S. pneumoniae-specific LAMP primers were designed
from the published sequence of strain R6 (GenBank accession number
AE008540) by using the LAMP primer support software program (Net Labora-
tory, Kanagawa, Japan). We compared the lyt4 sequences of four S. pneumoniae
strains (GenBank accession numbers AE008540, AE007483, M13812, and
AF467249) and nine other organisms that harbored the autolysin gene, namely,
Streptococcus mitis lytA (EMBL accession numbers AJ617815 and AJ617816) and
Streptococcus species IlytA (EMBL accession numbers AJ252190, AJ252191,
AJ252192, AJ252193, AJ252194, AJ252195, and AJ252196). The consensus se-
quence among the S. pneumoniae strains was elucidated (Fig. 1), and S. pneu-
moniae-specific LAMP primers were designed using the alignment analysis.
These comprised the outer primers (F3 and B3), a forward inner primer, and a
backward inner primer (Fig. 1).
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LAMP reaction. Twenty-five microliters of the reaction mixture contained 1.6
M each of forward inner primer and backward inner primer, 0.2 uM each of F3
and B3, 8 U of the Bst DNA polymerase large fragment (New England Biolabs
Inc., Beverly, Mass.), 1.4 mM concentrations of deoxynucleoside triphosphates,
0.8 M betaine, 20 mM Tris-HCI (pH 8.8), 10 mM KCl, 10 mM (NH,),SO,, 8 mM
MgSO,, 0.1% Tween 20, and template DNA (2 wl). The mixture was incubated
at 63°C for 35 or 60 min and then heated at more than 80°C for 2 min to
terminate the reaction.

Analysis of LAMP products. The LAMP reaction causes turbidity in the
reaction tube proportional to the amount of amplified DNA. Therefore, we
observed the turbidity in the reaction tube with the naked eye. For further
confirmation, the amplified products were also detected using electrophoresis in
3% agarose gels, followed by ethidium bromide staining. To confirm the sensi-
tivity and the possibility of real-time LAMP quantification of S. pneumoniae, a
Loopamp real-time turbidimeter (LA-200; Teramecs, Kyoto, Japan) was used.
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FIG. 1. (A) Nucleotide sequences of S. pneumoniae R6 autolysin
gene used for LAMP primer. The sequences used for LAMP primers
are shown in boldface. *, consensus sequence among S. pneumoniae
strains. (B) Schematic representation of primers used in this study.
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TABLE 2. Sensitivities of the LAMP and PCR assays
for S. pneumoniae ATCC 6305

Results? for no. of copies:

Assay
1,000,000 100,000 10,000 1,000 100 10 1 0
PCR” + + + - - - - =
LAMP*
35 min + + + + - - - =
60 min + + + + + + - —
¢ +, amplification occurred; —, amplification did not occur.

b Results were obtained using electrophoretic analysis.
¢ Results were determined by eye.

To confirm the structures of the amplified products, some of the amplified
products were digested with the restriction enzyme TasI (Fermentas Inc.,
Hanover, Md.) and their sizes were analyzed by electrophoresis in 3% agarose
gels, followed by staining with ethidium bromide. Furthermore, to confirm the
structure of the amplified LAMP products, the amplified products were se-
quenced using a BigDye Terminator V3.1 cycle sequencing kit (Applied Biosys-
tems, Foster City, Calif.) and an ABI PRISM 377 DNA sequencer (Applied
Biosystems) in accordance with the manufacturers’ instructions. The primers
used to sequence the target region (between F1 and B1) were as follows: F2
primer, 5'-CACTCAACTGGGAATCCGC-3', and B2 primer, 5'-CCAGGCAC
CATTATCAACAGG-3' (Fig. 1).

PCR assay. Template DNA from clinical isolates was used at identical con-
centrations for the LAMP and conventional PCR assays. Sensitivity was com-
pared using autolysin (lyt4)-encoding PCR primer sets (14), and selectivity was
compared using autolysin (lyt4)- and pneumolysin (ply)-encoding PCR primer
sets (14, 19). The sequences of the PCR primers were as follows: for lytA,
5'-CAACCGTACAGAATGAAGCGG-3' and 5'-TTATTCGTGCAATACTC
GTGCG-3', and for ply, 5'-ATTTCTGTAACAGCTACCAACGA-3" and 5'-G
AATTCCCTGTCTTTTCAAAGTC-3'.

The PCR mixture (10 wl) consisted of 0.2 mM concentrations of each deoxyri-
bonucleoside triphosphate, 10 mM Tris-HCI buffer (pH 8.3), 50 mM KCI, 2 mM
MgCl,, 1 U of Ex Tag DNA polymerase (TaKaRa Bio Inc.), 0.5 uM concentra-
tions of each primer, and 1 ul of template DNA. PCR was performed with a
thermal cycler (MJ Research, Waltham, Mass.) for 30 cycles. Each cycle con-
sisted of 1 min at 94°C, 1 min at 55°C, and 1 min at 72°C for the ply gene and 15 s
at 94°C, 15 s at 53°C, and 15 s at 72°C for the lytA gene. Samples (2 ul) of the
PCR amplification products were subjected to electrophoresis on a 3% agarose
gel.

Clinical isolates with ply or lyt4 genes. From 15 oral mucosa swab samples of
healthy children (5 to 6 years old), we isolated 25 alpha-hemolytic streptococci in
which genes encoding pneumolysin (ply) or autolysin (lyt4) were detected using
conventional PCR with the primers described above (14, 19). The identification
of these isolates involved standard criteria, as follows. The optochin sensitivity
test used a 6.5-mm-diameter disk containing 5 pg of optochin (Eiken Chemical
Co., Ltd., Tochigi, Japan) in an atmosphere of 5% CO,. The absence of an
inhibition zone at least 13 mm in diameter was interpreted as a negative result,
whereas a zone of inhibition at least 13 mm in diameter constituted a positive
result. Bile solubility was tested, as previously described (8). A commercial
system, API 20 Strep (bioMérieux, Lyon, France), was used according to the
manufacturer’s instructions.

RESULTS

The LAMP assay successfully amplified the 186-bp target
sequence of S. pneumoniae lytA at 63°C in 60 min (Tables 1 and
2). The product was evident upon agarose gel electrophoresis
(Fig. 2) as a ladder-like pattern on the gel, which is character-
istic of the LAMP reaction and indicates the production of
stem-loop DNA with inverted repeats of the target sequence.
The LAMP reaction revealed that 10° copies of S. pneumoniae
could be detected in 35 min (Table 2).

To ascertain the detection limit of the LAMP assay for
S. pneumoniae, serial 10-fold dilutions of genomic DNA were
tested and the results were compared with those of conven-
tional PCR. The detection limits for the LAMP assay and PCR
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were 10 and 10,000 copies, respectively (Table 2 and Fig. 2).
Therefore, the sensitivity of the LAMP assay was 1,000 times
that of conventional PCR. No amplification was apparent
when the sample tube did not contain target DNA.

To evaluate the species specificity of the LAMP primers, we
tested 10 Streptococcus species and 7 non-Streptococcus species
(Table 1). Significant amplification of the DNA originating
from S. pneumoniae was observed after a 35-min incubation.
By contrast, the other strains were not amplified, even after a
60-min incubation. The specificity of the amplification was
confirmed by TasI digestion to ensure that the amplification
product had sequences corresponding to the selected target.
The resulting digestion products were 102 and 111 bp, in good
agreement with the predicted size (Fig. 2). The structures of
the amplified products were confirmed by sequencing, and the
obtained sequences were compared to sequences in the tar-
geted region in the lyt4 gene (bases 132 to 152 in the original
sequence) of S. pneumoniae strains (between F1 and B1) (Fig.
1). These results matched the expected nucleotide sequences
perfectly (data not shown).

Previously, we isolated 25 alpha-hemolytic streptococci in
which genes encoding pneumolysin (ply) or autolysin (/yzA)
were detected using conventional PCR. Using three standard
tests (the optochin sensitivity test, the bile solubility test, and
API 20 Strep [bioMérieux]), we identified 4 S. pneumoniae
strains and 21 atypical strains, including 3 S. oralis, 17 S. mitis,
and 1 streptococcus species (Table 3). To confirm its ability to
evaluate clinical isolates, the LAMP assay was used to screen
these 25 isolates (Table 3). The concentration of genomic
DNA in each isolate was 10° copies per assay mixture, allowing
direct comparison of the results of the PCR and LAMP assays.
LAMP detected 4 positive isolates and 21 negative isolates;
PCR detected 8 positive isolates and 17 negative isolates for
the lytA4 gene and 21 positive isolates and 4 negative isolates for
ply gene. Moreover, the LAMP assay detected the 4 S. pneu-
moniae isolates and none of the 21 other isolates while PCR
produced 4 false-positive results for lyt4 and 17 false-positive
results for ply.

M123456789M

—500 bp

FIG. 2. Sensitivities of electrophoretic analysis of LAMP-amplified
products. Lanes M, 100-bp ladder used as a size marker; lane 1, 10°
copies of genomic DNA from S. pneumoniae ATCC 6305; lane 2, 10°
copies; lane 3, 10* copies; lane 4, 103 copies; lane 5, 102 copies; lane 6,
10 copies; lane 7, 1 copy; lane 8, no template; lane 9, LAMP product
from lane 1 after Tasl digestion. The digested fragments were 102 and
111 bp.
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TABLE 3. Detection of Streptococcus pneumoniae in clinical
isolates of oral streptococci by PCR and LAMP methods

Results of: Results of“:
Isolate ey
1o. API tost O[;tocllm Bil e{ Identification PCR LAMP
est test A ply
1 S. oralis - + 8. oralis -+ -
2 S. mitis - + 8. mitis + - -
3 S. mitis - + 8. mitis -+ -
4 S. mitis - + 8. mitis -+ -
5 S. mitis - + 8. mitis -+ —
6 S. oralis - + 8. oralis -+ -
7 S. mitis - + 8. mitis -+ -
8 S. mitis - + 8. mitis -+ -
9 S. mitis - + 8. mitis -+ -
10 S. mitis - = S. mitis -+ -
11 S. mitis - — 8. mitis -+ -
12 S. pneumoniae + + 8. pneumoniae  + + +
13 S. pneumoniae + + S pneumoniae  + + +
14 S. pneumoniae + + 8. pneumoniae + + +
15  Not identified - - Streptococcus + - -
species

16 S. mitis - — 8. mitis -+ -
17  S. mitis - + 8. mitis -+ -
18 8. oralis - — 8. oralis -+ -
19  S. pneumoniae + + 8. pneumoniae + + +
20 8. mitis - - S. mitis + - -
21 S. mitis - + 8. mitis -+ -
22 S. mitis - + 8. mitis -+ —
23 S. mitis - + S. mitis -+ -
24 S. mitis - + 8. mitis -+ -
25 8. mitis - — 8. mitis - -

¢ Classification based on the API 20 Strep test.

b+, optochin sensitive; —, optochin resistant.

¢ +, bile soluble; —, bile insoluble.

4 Identification via consideration of all three conventional identification meth-
ods: API 20 Strep testing, optochin sensitivity, and bile solubility.

¢ +, amplification occurred; —, amplification did not occur.

Figure 3A shows the results of real-time turbidity measure-
ments in the LAMP reaction solutions containing 10 to 10°
copies of S. pneumoniae template DNA in one reaction tube.
The sensitivity of detection using a Loopamp real-time turbi-
dimeter was the same as that using the naked eye (Table 2) or
electrophoresis (Fig. 2). An increase in the quantity of initial
template DNA was observed to shorten the threshold time. A
plot of the amplification time required to exceed a turbidity
level of 0.1 (threshold time) versus the log of the initial tem-
plate DNA (Fig. 3B) showed a linear relationship, with a good
correlation coefficient (> = 0.986).

DISCUSSION

S. mitis and S. oralis are considered commensals of the
human oral cavity. They are the most closely related species to
S. pneumoniae on this ecological basis, and their 16S rRNA
sequences share over 99% identity with S. pneumoniae. This
similarity makes it a challenge for clinical laboratories to dif-
ferentiate between S. pneumoniae and other alpha-hemolytic
oral streptococci, especially S. mitis and S. oralis, as misiden-
tification may influence diagnosis and treatment. While con-
ventional methods allow the identification of the majority of
pneumococcal isolates, observations of atypical pneumococci
based on optochin susceptibility, bile solubility, and encapsu-
lation (20) can be the source of considerable confusion in the
clinical laboratory. Despite these problems, most diagnostic
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laboratories continue to use these conventional identification
techniques.

PCR-based technology holds more promise. Concerning
pneumococci, the putative virulence factors pneumolysin (ply)
and autolysin (lyt4) offer compellingly specific diagnostic tar-
gets. As yet, however, PCR has not established a routine foot-
hold in clinical laboratories because it is a time-consuming
complex and needs a high-precision thermal cycler. Reaction
equipment that is much simpler and amenable for use in hos-
pital laboratories is required.

By contrast, the LAMP assay reported here is advantageous
owing to its simple operation, rapid reaction, and easy detec-
tion. LAMP operates under isothermal conditions at 63°C for
1 h. Therefore, no time is lost as a result of changes in tem-
perature, as is the case with thermal cycling with PCR. More-
over, LAMP requires only simple reaction equipment; it can be
performed using a regular laboratory bath or heat block that
provides a constant temperature of 63°C. It is even possible to
determine the reaction directly with the naked eye, without
electrophoretic analysis, unlike PCR. Since the LAMP assay is
simple and relatively easy to perform, even a clinical microbi-
ological laboratory that has not performed PCR or molecular
testing could introduce this technology.

In this study, of 25 clinical isolates that harbored virulence-
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FIG. 3. (A) Real-time sensitivity of S. pneumoniae LAMP, as mon-
itored by the measurement of turbidity. Shown from left to right in the
figure are the curves of decreasing concentrations (1,000,000 to 1) of
bacteria. The detection limit was 10 copies. (B) The relation between
the threshold times (Tt) of each sample and the log of the amount of
initial template DNA.
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factor-encoding genes (lytA4 or ply), 17 nonpneumococcal iso-
lates were detected for the ply gene (Table 3). This result was
concordant with a report of the presence of pneumolysin in
viridans group streptococci which concluded that the ply gene
is not specific for S. pneumoniae while the lytA gene is highly
specific for S. pneumoniae (15). It was thought that lyt4 sepa-
rated S. pneumoniae from the genotypically similar species
S. mitis and S. oralis (11). Recently, however, the existence of
organisms that appear to be genetically and phenotypically
related to S. mitis, but which harbor the autolysin gene nor-
mally associated with pneumococci, was reported (22). In fact,
we detected 4 nonpneumococcal isolates for the lyz4 gene out
of 25 clinical isolates (Table 3). We must now consider how to
differentiate S. pneumoniae from closely related alpha-hemo-
lytic streptococci.

Fortunately, there are several variations of autolysin genes
in nonpneumococcal organisms to the lyz4A gene sequences of
S. pneumoniae type strains. Therefore, by clarifying and using
these consensus genes for S. pneumoniae, a more specific and
sufficiently reliable molecular diagnosis of S. pneumoniae in-
fection should be possible. In addition, the selectivity of the
LAMP reaction is extremely high because it uses four primers
that recognize six distinct regions of the target DNA (16).
From the alignment analysis of the lyt4 gene sequences among
four S. pneumoniae strains and nine other streptococcus strains
that harbor the autolysin gene, we were able to evaluate the
lytA consensus sequence specific for S. pneumoniae strains
(Fig. 1A). Then, we designed LAMP primers including these S.
pneumoniae-specific consensus sequences (Fig. 1A). This may
have influenced the high selectivity of the LAMP assay and
might be why LAMP did not detect the four nonpneumococcal
strains in which PCR detected lyt4 (Table 3).

As the LAMP reaction progresses, the reaction by-product
pyrophosphate ions bind to magnesium ions and form a white
precipitate of magnesium pyrophosphate. Therefore, the re-
sults of the LAMP reactions can be judged simply by the naked
eye. This characteristic feature of the LAMP reaction can be
used to detect the reaction end point simply by gauging the
presence of a precipitate. In 2004, Mori et al. (13) reported
that real-time turbidity measurements of the LAMP reaction
by using a simple, inexpensive apparatus (Loopamp real-time
turbidimeter) permits quantitative analysis of the minute
amounts of nucleic acids present in a sample, with a high
degree of precision, over a wide range. In this study, we also
tried to use the LAMP assay to quantify template S. pneu-
moniae in real time by reading the optical density at 650 nm
every 6 s with a Loopamp real-time turbidimeter.

The curve obtained using the real-time turbidity measure-
ments had a high linearity (Fig. 3B). This indicated that the
quantity of template DNA of an unknown concentration can
be determined by comparing its threshold time with the thresh-
old times of template DNA of known concentrations. There-
fore, using the real-time turbidity monitoring system, we will be
able to estimate the concentration of S. pneumoniae DNA
from clinical samples. In the clinical laboratory, optochin and
bile reactions can be replaced by a LAMP test. Alternatively,
we can utilize this technique for direct detection from clinical
specimens in order to reduce laboratory time. In this case,
quantitative detection using the Loopamp real-time turbidime-
ter is helpful for the diagnosis of pneumococcal infection.

DETECTION OF S. PNEUMONIAE 1585

In conclusion, we have established a LAMP-based S. pneu-
moniae DNA amplification method and we report that its re-
liability in species discrimination is high. This assay may allow
more sensitive, specific, and practical detection of S. pneu-
moniae than previous detection methods. LAMP is potentially
useful for the reliable routine diagnosis of S. pneumoniae in-
fections.
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