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Abstract

Accurate quantification of bacterial species in dental plaque is needed for microbiological diagnosis of periodontal diseases. The present
study was designed to assess the sensitivity, specificity and quantitativity of the real-time PCR using the GeneAmpR Sequence Detection
System with two fluorescence chemistries. TaqMan probe with reporter and quencher dye, and SYBR Green dye were used for sources of
the fluorescence. Primers and probes were designed for Actinobacillus actinomycetemcomitans, Porphyromonas gingivalis, Prevotella
intermedia and total bacteria based on the nucleotide sequences of the respective 16S ribosomal RNA genes. Since spread of antibiotic
resistance genes is one of the crucial problems in periodontal therapy, quantitative detection of tetQ gene, which confers resistance to
tetracycline, was included in the examination. The detection of P. gingivalis, P. intermedia and A. actinomycetemcomitans was linear over a
range of 10^107 cells (10^107 copies for tetQ gene), while the quantitative range for total bacteria was 102^107 cells. Species-specific
amplifications were observed for the three periodontal bacteria, and there was no significant difference between the TaqMan and SYBR
Green chemistry in their specificity, quantitativity and sensitivity. The SYBR Green assay, which was simpler than TaqMan assay in its
manipulations, was applied to the clinical plaque samples. The plaque samples were obtained from eight patients (eight periodontal
pockets) before and 1 week after the local drug delivery of minocycline. Although the number of P. gingivalis, P. intermedia and
A. actinomycetemcomitans markedly decreased after the antibiotic therapy in most cases, higher copy numbers of the tetQ gene were
detectable. The real-time PCR demonstrated sufficient sensitivity, specificity and quantitativity to be a powerful tool for microbiological
examination in periodontal disease, and the quantitative monitoring of antibiotic resistance gene accompanied with the antibiotic therapy
should be included in the examination.
< 2003 Federation of European Microbiological Societies. Published by Elsevier B.V. All rights reserved.
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1. Introduction

For microbiological examinations, techniques such as
immunoassays, biochemical tests and hybridization using
nucleotide probes have been developed and used [1]. How-

ever, since these methods required bacterial culture, they
are mostly laborious and time-consuming. Recently, ad-
vances of novel molecular biology techniques enabled cul-
ture-independent methods. PCR is a typical example and
is widely spread for the microbiological diagnosis of pe-
riodontal diseases. The gene encoding the small subunit of
16S ribosomal RNA (16SrDNA) has been frequently used
as a target of the PCR examination because of its struc-
tural characteristics [2,3]. Nucleotide sequences of some
portions of the 16SrDNA are highly conserved through
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evolution, while other regions have species-speci¢c vari-
able sequences. The conserved sequences can provide
PCR primers for ampli¢cation of 16SrDNA from all of
the bacterial species and the species-speci¢c regions can be
used for identi¢cations of unique bacterial species. The
16SrDNA-based PCR is a rapid, sensitive and speci¢c
molecular technique, which can be used for various pur-
poses. However, the method still has a problem in quanti-
¢cation.
Antibiotic treatment is indispensable for periodontal

therapy. For evaluation of the treatment, accurate quanti-
¢cation of periodontal bacteria is needed. In addition, we
have to be alert to the increase of antibiotic resistance. It
has recently been reported that a tetracycline-resistant
gene, tetQ, has spread intensely through conjugal gene
transfer [4,5]. Tetracycline-resistant Prevotella and Bacter-
oides strains isolated from periodontal pockets have been
reported to possess either or both of the tetQ and tetM
genes frequently [6^8]. The nucleotide sequence of the tetQ
gene was almost identical among the clinical isolates, sup-
porting the horizontal transfer of the gene [9]. Although
PCR methods have already been used for the detection of
tetQ gene in clinical plaque samples [7,10], quantitative
monitoring of gene presence is required for analysis of
its dynamics in periodontal pockets.
Recently, real-time PCR has been developed for the

purpose of DNA quanti¢cation. Real-time PCR using
the GeneAmpR Sequence Detection System (PE Applied
Biosystems, Foster City, CA, USA) or LightCycler system
(Roche Molecular Biochemicals, Mannheim, Germany) is
accomplished by the continuous measurement of the PCR
products. The method allows easy, rapid and quantitative
detection of microorganisms in clinical samples. Some at-
tempts have already been made for periodontal bacteria
[11,12]. In the current study, we used the GeneAmp Se-
quence Detection System with TaqMan and SYBR Green
chemistry for the quanti¢cation and identi¢cation of pe-
riodontopathic bacteria. We compared the TaqMan and
SYBR Green chemistry in their speci¢city and sensitivity
for further improvement of the real-time PCR assays in
microbiological diagnosis of periodontal diseases. In addi-
tion, quantitative monitoring of tetQ gene was included in
the examination.

2. Materials and methods

2.1. Bacterial strains and growth conditions

The bacterial strains used in this study were Actinoba-
cillus actinomycetemcomitans ATCC 43718 (Y4), Actino-
myces viscosus ATCC 15987T, Escherichia coli K-12, Por-
phyromonas gingivalis ATCC 33277T, Treponema denticola
ATCC 35405T, Fusobacterium nucleatum ATCC 25586T,
Prevotella intermedia ATCC 25611T, Prevotella nigrescens
ATCC 33563T. They were obtained from the American

type culture collection (ATCC, Rockville, MD, USA).
Each P. gingivalis, P. endodontalis, P. intermedia and P.
nigrescens strain was cultured anaerobically in GAM
broth (Nissui Seiyaku, Tokyo, Japan) supplemented with
0.0005% hemin and 0.0001% vitamin K3. A. actinomyce-
temcomitans, A. viscosus and T. denticola were grown as
previously described [13,14]. E. coli was cultured aerobi-
cally in Luria^Bertani medium. In addition to the type
strains, a tetracycline-resistant P. nigrescens was selected
from laboratory stock of clinical strains by using the me-
dium containing 4 Wg ml31 tetracycline-hydrochloride.

2.2. DNA extraction

Total bacterial DNAs were extracted from cultivated
strains and clinical plaque samples by using InstaGene
Matrix (Bio-Rad Lab., CA, USA) according to the in-
structions. Plaque samples and cultivated bacteria sus-
pended in 1 ml PBS (^) (Gibco BRL, MD, USA) were
pelleted and resuspended in 200 Wl of InstaGene Matrix.
The suspension was incubated at 56‡C for 30 min and then
100‡C for 8 min. After the incubation, the suspension was
centrifuged and 5 Wl of the resulting supernatant was used
for real-time PCR. To determine the quantitative range of
real-time PCR, DNAs were prepared from 10^107 cells of
cultured bacteria.

2.3. tetQ gene

A cloned version of the tetQ gene was kindly provided
from Dr. Progulske-Fox A. and Dr. Burks J. (Department
of Oral Biology and Periodontal Disease Research Center,
University of Florida). The optical density (260 and 280
nm absorbance) of the puri¢ed recombinant plasmid was
measured to estimate the amount and copy number of the
plasmid.

2.4. Plaque samples

Eight patients with adult type periodontitis, during the
supportive periodontal treatment in Okayama University
Dental Hospital, were selected for sample collection. All
patients had not received any periodontal therapy in the
previous 3 months and not received any systemic or local
antibiotics within the preceding 6 months. Plaque sample
was obtained from one periodontal pocket of 4^5 mm in
each patient by using the paper points as described pre-
viously [15]. After the initial sampling, 2% minocycline^
HCl paste (Periocline, Sunstar Inc., Osaka, Japan) was
injected into the pocket without any other periodontal
therapy. Plaque samples were also obtained from the min-
ocycline-treated periodontal pockets after 1 week.

2.5. Primers and probes

The sequences of primers and probes used in this study
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are listed in Table 1. For identi¢cation of unique bacterial
species, primers and probes were designed from the spe-
cies-speci¢c region on the 16SrDNA, while the conserved
sequences were used for ampli¢cation of total bacteria.
For the design, Primer Express (version 1.0) and OLIGO
(version 4.0) software were used. TaqMan probes were
labeled with the reporter dye 6-carboxy£uorescein (FAM)
at the 5P end and with the quencher dye 6-carboxytetra-
methylrodamine (TAMRA) at the 3P end.

2.6. Real-time PCR

The real-time PCR was performed using GeneAmpR

5700 Sequence Detection System (PE Applied Biosystems).
The reaction mixture (50 Wl) for TaqMan assay contained
2U TaqMan Universal PCR Master Mix (PE Applied
Biosystems), 20 pmol of forward and reverse primers, 10
pmol of TaqMan probe and 5 Wl of extracted DNA.
While, the reaction mixture for SYBR Green assay con-
tained 2U SYBR Green PCR Master Mix (PE Applied
Biosystems), 20 pmol of forward and reverse primer and
5 Wl of extracted DNA. Thermocycling program was 40
cycles of 95‡C for 15 s and 60‡C for 1 min with an initial
cycle of 95‡C for 10 min. All ampli¢cations and detections
were carried out in a MicroAmp optical 96-well reaction
plate with optical caps (PE Applied Biosystems). At each
cycle, accumulation of PCR products was detected by
monitoring the increase in £uorescence of the reporter
dye from the TaqMan probes or dsDNA-binding SYBR
Green. After the PCR, a dissociation curve (melting curve)
was constructed in the range of 60‡C to 95‡C. All data
were analyzed using the GeneAmp 5700 SDS software.

3. Results and discussion

3.1. Speci¢city of primers and probes

For speci¢city testing, extracted DNAs from 107 cells of
periodontal bacteria listed in Section 2 were examined as
templates with the primers and probes prepared for A.
actinomycetemcomitans, P. gingivalis and P. intermedia,
respectively. PCR ampli¢cations were observed correctly
when the target strains were used as templates. The prim-
ers and probes did not increase the £uorescence with the
mismatched strains (data not shown). Dissociation curves
of all PCR products showed a sharp peak at the expected
Tm of the products (data not shown). These results indi-
cate that each real-time PCR speci¢cally ampli¢ed the
target DNA. Since additional hybridization of the probe
is required for generation of the £uorescence, TaqMan
assay is thought to be more speci¢c than SYBR Green
assay in general. However, SYBR Green chemistry dem-
onstrated su⁄cient speci¢city for the three periodontal
bacteria.
Primers and probe for tetQ gene did not increase the

£uorescence with any type strains used in this study. PCR
ampli¢cation was observed with the tetracycline-resistant
P. nigrescens and the recombinant plasmid carrying the
tetQ gene (data not shown). For total bacteria, only the
SYBR Green method was employed because enhanced
speci¢city was not required.

3.2. Quanti¢cation of cultured bacteria and tetQ gene

DNA extracts from 10^107 cells of three periodontal
bacteria, A. actinomycetemcomitans, P. gingivalis and P.
intermedia, were subjected to both TaqMan and SYBR
Green assays. In both TaqMan and SYBR Green assay,
detection and quanti¢cation for each strain was linear
over the examined range. A typical result of A. actinomy-
cetemcomitans is shown in Fig. 1. Lyons et al. reported the
quantitative range of P. gingivalis as 102^108 cells using
nested PCR with a TaqMan probe [11], and Sakamoto et
al. demonstrated quantitative detection of ¢ve periodontal
bacteria in the range of 103^108 cells using the LightCy-
cler1 system [12]. Our study demonstrated a wider quan-
titative range of real-time PCR. However, since the pre-
vious studies did not examine the smaller amount, their
actual limits of the quantitative detection may be smaller
than the reported data. A copy number of the 16S ribo-
somal operon in each strain could possibly contribute to
the di¡erential sensitivity for the detections. The number
of 16S ribosomal operons in P. gingivalis revealed to be
four through the TIGR (The Institute for Genomic Re-
search) database. Since genome projects for A. actinomy-
cetemcomitans and P. intermedia are still under progress,
the 16S ribosomal numbers were analyzed through ge-
nomic blast search and were estimated to be six and ¢ve,
respectively. Remarkable di¡erences of the copy number

Table 1
Primers and probes

Aa: A. actinomycetemcomitans, Pg: P. gingivalis, Pi: P. intermedia.
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were not seen, and therefore, we estimate that the detec-
tion limit is similar among these three species.
In order to examine if the quanti¢cation was in£uenced

with contamination of another bacterial species, 105 cells
of seven periodontal bacteria, other than the target, were
added to each serial dilution (102^107) of the target strain.
Fig. 2A shows the in£uence of other bacterial contamina-
tion to the quanti¢cation of A. actinomycetemcomitans,
which was examined by the SYBR Green assay. The stan-
dard curve of the contaminated samples was almost the
same with the normal standard, demonstrating limited in-
£uence of the contamination, if any at all. In the same
way, no in£uence was observed to the quanti¢cation of
P. gingivalis and P. intermedia in both TaqMan and
SYBR Green assay (data not shown).
Quanti¢cation of total bacteria was examined using the

DNAs from eight periodontal bacteria prepared in this
study. The di¡erent strains showed similar results of linear
detection in the range of 102^107. A typical result for A.
actinomycetemcomitans is shown in Fig. 2B. The similar
results re£ect the similar copy numbers of the 16S ribo-

somal RNA operon in the strain tested as has been dis-
cussed above. An average of the copy number in both the
Pasteurellaceae family (including genus Actinobacillus) and
the Bacteroidaceae family is similar (5.8), and E. coli pos-
sesses seven copies [16]. However, since the copy number
of the 16S ribosomal operon can vary from one to as
many as 15 copies [16], total bacterial counts evaluated
by the number of 16SrDNA may be slightly £uctuated
according to the di¡erences of micro£ora especially in
case of polymicrobial communities such as dental plaque.
The limit of quantitative detection for the total bacteria
was 100 cells, while the quantitative detection of unique
bacteria was less than 10. This was caused by a high level
of background (Fig. 2B). Since the primers can hybridize
to any bacterial species, even small contamination of bac-
teria in the experimental manipulation or the contamina-
tion of E. coli DNA in the recombinant Taq polymerase
might be a cause of the conspicuous background.
The quantitative range for tetQ gene was also examined

by both TaqMan and SYBR Green assay. Serial dilutions
of the recombinant plasmid, which contained the tetQ
gene, were prepared and used as templates. The results
were almost the same between the two methods and the

Fig. 1. Ampli¢cation and standard curve of the real-time PCR for A.
actinomycetemcomitans. Panel A demonstrates the ampli¢cation curve
constructed by SYBR Green assay. The TaqMan assay constructed a
similar ampli¢cation curve (data not shown). Panel B demonstrates the
standard curves constructed by SYBR Green assay (8) and TaqMan
assay (7). The horizontal bar in panel (A) indicates the threshold line.
The vertical axis of panels (A) and (B) indicates the monitored £uores-
cence and threshold cycles (cycle number when the £uorescence reached
threshold line), respectively. The horizontal axis of panel (B) indicates
cell number of A. actinomycetemcomitans. The ampli¢cation was linear
in the range of 10^107 (correlation coe⁄cient = 0.99) in both TaqMan
and SYBR Green assays. The data were analyzed by GeneAmp 5700
SDS software.

Fig. 2. (A) Quanti¢cation of A. actinomycetemcomitans in crude DNA
samples (SYBR Green assay). The standard curve of A. actinomycetem-
comitans was constructed using the serial dilutions of A. actinomycetem-
comitans DNA containing other bacterial DNA (7). The extracted
DNAs from 105 cells of E. coli, P. gingivalis, P. intermedia, F. nuclea-
tum, T. denticola, A. viscosus and P. nigrescens were added to the serial
diluted templates. The data were dotted with the normal standard of A.
actinomycetemcomitans (F). B: Standard curve for total bacteria (SYBR
Green assay). Universal primers designed from the conserved regions on
16SrDNA were used with the A. actinomycetemcomitans DNA. The de-
tection was linear in the range of 102^107 cells. The strength of the £uo-
rescence did not change between 10 and 102 cells of the template. The
vertical axis indicates the threshold cycles.
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detection of tetQ was linear in the range of 10^107 copies
of the gene (data not shown).

3.3. Examination of the plaque sample

The real-time PCR using the SYBR Green chemistry
was applied to the clinical plaque samples as has been
described above. The original 5 Wl of extracted DNA sam-
ples and 5 Wl of diluted samples (1031) were run in dupli-
cate. Total bacterial numbers in the periodontal pockets
did not consistently decrease after the local application of
minocycline (Fig. 3A). The number increased in three pa-
tients and did not change in one patient, while the number
decreased in four patients. On the contrary, the number of
A. actinomycetemcomitans, P. gingivalis and P. intermedia
decreased remarkably. Fig. 3B shows the percentage of A.
actinomycetemcomitans, P. gingivalis and P. intermedia
among total bacterial counts before and after the antibi-
otic therapy. Local delivery of tetracycline has been e¡ec-
tively used for periodontal therapy [17,18]. The qualitative
change of the microbial community may account for the
e¡ect.
The tetQ gene in the plaque samples was evaluated by

the SYBR Green assay using the standard of the recombi-
nant plasmid. The number of tetQ genes increased after
the minocycline therapy in four patients, and the gene

could not be detected in the remaining four patients at
the both sampling times (Fig. 4). Preus et al. [19] and
Wade et al. [20] reported the similar results that locally
delivered tetracycline selected for the resistant bacteria.
Although several PCR methods had already been reported
for the monitoring of tetQ gene [7,10], real-time PCR
seems to be useful as well.
The current study demonstrated the potential use of

real-time PCR for the analysis of clinical plaque samples.
However, besides the method itself, sampling procedures
would be another issue. Since the real-time PCR is very
sensitive, the sampling procedure could greatly a¡ect the
results. Although bacterial sampling using paper point em-
ployed in this study is a well-established method [15,21],
technical di⁄culties have also been reported [21^24]. Sam-
ple collection methods appropriate for the real-time PCR
need to be investigated.
Both TaqMan and SYBR Green assays showed su⁄-

cient sensitivity, speci¢city and quantitativity. Since the
TaqMan assay required additional manipulation and
cost for the probe, the SYBR Green assay may be suitable
for routine clinical examinations. In addition, quantitative
monitoring of the antibiotic resistance genes should be
included in the microbiological diagnosis.
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