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Abstract
Objective: To develop a method for quantification of Actinobacillus
actinomycetemcomitans (Aa), Porphyromonas gingivalis (Pg) and Tannerella
forsythensis (Tf) from subgingival plaque samples based on TaqMan real-time
polymerase chain reaction (PCR) technology.

Material and Methods: Bacterial cells from these species were obtained after
culturing reference strains and were counted microscopically. Cellular suspensions in
Tris-EDTA buffer were used for DNA extraction after boiling for 20min. Primers for
PCR were selected from sequences of the LktC (Aa), Arg-gingipain (Pg) and BspA
antigen (Tf) genes in order to yield amplicons below 100 bp. TaqMan-based real-time
PCR was adjusted to quantify each species separately. Cycle threshold (CT) values
were calculated for each species according to the initial number of copies. A reliability
analysis was carried out using intra-class correlation coefficients (ICCs) with a two-
way random effects model.

Results: A high sensitivity and specificity was obtained for the detection of the three
bacterial species. The TaqMan real-time PCR technology yielded a good repeatability
in the obtained cycle threshold (CT) values for each initial number of copies,
demonstrating coefficients of variation below 5% for each bacteria. The
reproducibility of the technique was also demonstrated by the high ICCs (40.98;
po0.00001) obtained for each bacteria with and without the addition of subgingival
plaque.

Conclusion: A novel diagnostic method based on TaqMan real-time PCR was
developed for the quantification of Aa, Pg and Tf. It has demonstrated good sensitivity
and repeatability on pure cultures. Its diagnostic utility should be demonstrated in
subgingival plaque samples.
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The role of specific bacterial species in
the aetiology and pathogenesis of
human periodontal diseases has been
extensively reviewed, providing com-
pelling evidence that a limited number
of bacterial species (periodontal patho-
gens) contribute to the initiation and/or

progression of destructive forms of
periodontitis. The American Academy
of Periodontology World Workshop
(Consensus Report 1996) identified
three species as the most strongly
associated with periodontitis: Actinoba-
cillus actinomycetemcomitans (Aa),

Porphyromonas gingivalis (Pg) and
Tannerella forsythensis (Tf). These
bacterial species, besides their positive
association with destructive periodontitis,
are able to secrete a wide array of
potential virulence factors that support
their potential pathogenicity. Specifi-

Juan Manuel Morillo1, Laura Lau1,
Mariano Sanz1,2, David Herrera1,2,
Conchita Martı́n3, Augusto Silva4

1Laboratory of Microbiology; 2Section of

Graduate Periodontology; 3Section of

Orthodontics, Faculty of Odontology,

University Complutense; 4Center for

Molecular Biology, National Center for

Scientific Research, Madrid, Spain

J Clin Periodontol 2004; 31: 1054–1060 doi: 10.1111/j.1600-051X.2004.00608.x Copyright r Blackwell Munksgaard 2004



cally, Aa leukotoxin and Pg arginine
and lysine proteases, also called gingi-
pains, have been associated with perio-
dontal tissues destruction (Fives-Taylor
et al. 1999, He et al. 1999, Haraszthy et
al. 2000, Baba et al. 2002, Henderson et
al. 2002, Tada et al. 2002). Similarly, Tf
has also shown the secretion of sialidase
and trypsin-like proteases, together with
the cell surface-associated leucine-rich
repeat protein (BspA) involved in adhe-
sion to fibronectin and fibrinogen (Shar-
ma et al. 1998). The emphasis on the
detection, quantification and therapeutic
elimination of these species seems to be
justified, even though it is recognised
that other species contribute to the
pathogenesis of different kinds of perio-
dontal diseases.

Ecological studies on periodontitis
patients have demonstrated that Aa and
Pg are usually found in high numbers in
sites with different forms of destructive
periodontal diseases and, on the con-
trary, are not prevalent or detected in
low numbers in healthy sites from
diseased subjects or sites in perio-
dontally healthy individuals (Slots &
Ting 1999). Bacteriological culture has
been the classic method of detection and
enumeration of these microorganisms
(Greenstein 1988, Lamster et al. 1993).
However, these techniques have serious
limitations, mostly associated with the
difficulty in recovering species when
they are found in low numbers. More-
over, significant bacterial species may
be found in the subgingival biofilm,
such as Treponema species and Tf that
require stringent growing conditions
and therefore are difficult to detect and
quantify in culture (Tanner et al. 1986,
Sakamoto et al. 2002). This fact justifies
the scarcity of epidemiological studies
carried out to demonstrate the relevance
of these bacteria in periodontal diseases.

In order to overcome these difficul-
ties, different technologies for micro-
biological diagnosis have been
proposed, most of them based on
molecular biology techniques. Among
them, DNA hybridisation techniques
have demonstrated the capacity of
processing a large number of plaque
samples, simultaneously assessing up to
40 bacterial species. This method, how-
ever, requires sophisticated laboratory
equipment and expertise and although is
highly specific, also requires a high
number of bacteria for positive identi-
fication (103–104) (Socransky et al.
1994). Therefore, culture and DNA
probes are labour intensive and require

considerable expertise and expense,
which limits their universal application.

The most sensitive method available
for DNA sequence detection is the
polymerase chain reaction (PCR). This
technique may be able to amplify one
copy of a DNA template by several
million-fold (Saiki et al. 1988). PCR has
already been used in the detection of
periodontal pathogens in several epide-
miological and longitudinal studies (Taka-
masu et al. 1999, Fujise et al. 2002).
However, standard PCR only provides
qualitative information on the specific
bacteria assayed, and therefore, their use
for diagnostic and prognostic purposes,
although routinely used, is limited.

Real-time PCR with species-specific
primers can provide a precise and
sensitive method for an accurate quan-
tification of individual bacterial species.
Two main types of chemistries have
been used in these assays: SYBR Green
I dye and the fluorogenic 50 nuclease
probe or TaqMan assay. SYBR Green I
dye is a highly specific double-stranded
DNA binding dye, which also allows
the detection of product accumulation
during the PCR process. The difference
between the two chemistries is that
SYBR Green I assay will detect all
double-stranded DNA, including non-
specific reaction products, requiring a
well-optimised reaction for accurate
quantitative results (Morillo et al.
2003). The main advantage of this
chemistry is that no probe is required,
thus reducing the assay set-up and cost
(Meuer et al. 2001). The fluorogenic
50nuclease assay (TaqMan) assay uses a
fluorescent probe to enable the detection
of a specific PCR product as it accumu-
lates during the amplification reaction.
Its main advantage is the high specifi-
city provided by each probe (Crockett &
Wittwer 2001).

The primers mainly used in PCR-
based diagnostic methods for the detec-
tion of periodontal bacteria are usually
16S rRNA sequences (Ashimoto et al.
1996). However, each bacteria may
contain a variable amount of these
sequences, and therefore these primers
may be inadequate for quantitative
analysis. For this purpose, primers
based on single copy gene sequence
are more appropriate. Aa leucotoxin
operon genes, specifically the conserved
region of LktC gene, Pg arginin-specific
cystein–proteinase gene (Morillo et al.
2003) and Tf BspA antigen gene have
been identified as specific primers for
PCR-based quantitative assays.

The purpose of this investigation was
to develop a standard real-time PCR
TaqMan assay based on single copy
gene sequence, in order to detect and
specifically quantify the pathogens Aa,
Pg and Tf using pure cultures with and
without the addition of subgingival
plaque bacteria

Material and Methods

Bacterial strains

Aa strain ATCC 33384, Pg strain ATCC
33277 and Tf (formerly Bacteroides
forsythus) strain ATCC 43037 were
obtained from the American Type
Culture Collection (Manassas, VA,
USA). Strains of Prevotella intermedia,
P. nigrescens, Peptostreptococcus
micros and Fusobacterium nucleatum
used for the specificity analysis were
obtained from subgingival plaque sam-
ples from periodontitis patients (Faculty
of Odontology, University Complu-
tense, Madrid, Spain).

DNA extraction

Bacterial species were cultured accord-
ing to previously described techniques
on agar plates. Colonies were removed
with a disposable instrument and
inserted into a microfuge tube with
Tris-EDTA buffer. Bacterial cells were
counted by microscopic visualisation in
a Petroff–Hausser counting chamber
(Hauser Scientific, Horsham, PA,
USA). Aliquots of 150ml of bacterial
suspension for each species were
obtained. Using a 1.5ml microfuge
tube, samples were incubated at 1001C
during 20min in a thermal block. A
mineral oil drop was added to each
aliquot to avoid sample evaporation
during this boiling step. Then, the
solution was transferred to a clean
microfuge tube without mineral oil.
Dilutions of known amounts of bacteria,
as determined in the counting chamber,
were used to determine the standard
curve for real-time quantification.

Primer and probe design and synthesis

Complete sequences of LktC gene from
Aa, Arg-gingipain from Pg and BspA
antigen from Tf were obtained from the
GeneBank (access # U51862, D64081
and AF054892, respectively). Oligonu-
cleotides yielding PCR product of 50–
150 bp length and an annealing tem-
perature of 591C were obtained by
means of the Primer Express Software
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(Applied Biosystems, Foster City, CA,
USA), and checked through the web
with the ‘‘Basic Local Alignment Search
Tool’’ program (BLASTs, NCBI home
page (http://ncbi.nlm.nih.gov/blast)).

Definitive primers were: Aa-forward
50-ACGCAGACGATTGACTGAATT-
TAA-30 (from 736 to 759 position), Aa-
reverse 50-GATCTTCACAGCTATA-
TGGCAGCTA-30 (from 788 to 812
position), Pg-forward 50-CCTACGTG-
TACGGACAGAGCTATA-30 (from
1308 to 1332 position), Pg-reverse
50-AGGATCGCTCAGCGTAGCATT-
30 (from 1358 to 1379 position), Tf-
forward 50-TCCCAAAGACGCGGA-
TATCA-30 (from 2586 to 2605 posi-
tion) and Tf-reverse 50-ACGGTCGCG-
ATGTCATTGT-30 (from 2651 to 2633
position). PCR products were 77, 71
and 65 bp length for Aa, Pg and Tf,
respectively.

Definitive TaqMan probes were:

AaS 50-FAM-TCACCCTTC-
TACCGTTGCCATGGG-30,

PgS 50-TET-TCGCCCGGGAA-
GAACTTGTCTTCA-3 0 and

TfS 50-VIC-CCGCGACGT-
GAAATGGTATTCCTC-3 0.

TaqMan chemistry requires optimisa-
tion of the primer and probe concentra-
tions. Following the manufacturer’s
instructions, several master mixes were
prepared with different amounts of the
primers (from 0.05 to 0.9 mM) and
probes (from 0.05 to 0.25mM).
TaqMans Universal PCR Master Mix
(Applied Biosystems), supplied at a
2 � concentration and containing
AmpliTaq Golds DNA polymerase,
AmpErases UNG, dNTPs with dUTP,
Passive Reference 1 and optimised
buffer, was used for the PCR analysis.
The final concentration used a total
volume of 25ml and contained 12.5 ml of
2 � Master Mix, 3ml of DNA template,
primers, probe solutions and sterile
distilled water to adjust volume. Real-
time PCR was carried out in an ABI
Prism 7700 system (Applied Biosys-
tems) using the following sequence:
2min at 501C, 10min at 951C and 40
cycles of 15 s at 951C and 1min at 601C.

Real-time PCR assay

A primer and probe concentration of 0.9
and 0.25 mM, respectively, were finally
used for the three species. The PCR
reaction was carried out according to
standard conditions. Known amounts of

bacterial-specific DNA were used to
construct a standard curve. To examine
the influence of the plaque environment
on the PCR yield, Aa-, Pg- and Tf-
negative subgingival plaque samples
from clinical isolates were added to the
PCR reaction and the PCR assay was
run in parallel with and without plaque.

Data analysis

The outcome variable used to evaluate
the reproducibility of this assay was
cycle threshold (CT). This is the cycle
number at which the reaction begins to
be exponential for a known number of
DNA copies. The reaction at each DNA
concentration was repeated fivefold.
Means and standard deviations were
obtained to calculate the coefficient of
variation (CV) for each DNA concen-
tration. A reliability analysis was car-
ried out using intra-class correlation
coefficients (ICCs) with a two-way
random effects model (absolute agree-
ment) (SPSS software v. 11.0).

Results

Specificity of primers

All primers tested yielded specific
products. To assess the primer specifi-
city, PCR assays were run in parallel
against other subgingival bacteria (P.
intermedia, P. nigrescens, P. micros, F.
nucleatum). No cross-reaction was
demonstrated with any of these tested
bacterial species.

Quantification of Aa

A DNA solution of 106 cells/3 ml was
prepared from pure Aa cultures. For the
PCR assay, 10-fold dilutions were
prepared in order to obtain different
cell concentrations (101–106). The assay
was run five times for each dilution.
Each PCR contained 3ml of DNA
template. Table 1 shows the mean CT

values for each initial number of copies,

and its variability. The obtained CV was
around 1%, between 102 and 106 copies.
For 101 copies the coefficient was 2.2%.
The fluorescent curve at the six different
cell concentrations demonstrated both
high sensitivity and reproducibility in
the CT values (Fig. 1). Addition of
subgingival plaque to the PCR reaction
slightly increased the CT value (23.37
versus 22.78), although differences
were not statistically significant and
the variability was minimal. The relia-
bility analysis (Table 2) provided values
of ICCs higher than 0.99 (po0.00001),
therefore demonstrating a highly statis-
tically significant reproducibility.

Quantification of Pg

This experiment was conducted in a
similar manner as it was described for
Aa. From a DNA solution of 106 cells/
3ml, 10-fold dilutions were prepared for
PCR, and five replicates for each
dilution were analysed in the experi-
ment. Each PCR contained 3ml of DNA
template. Table 3 shows the mean CT

values for each quantity and its varia-
bility. This reaction offered good repro-
ducibility, demonstrated by a CV below
2% between 102 and 106 copies. The
sensitivity obtained was lower than with
Aa, since the smallest number of copies
detected was 102 cells/reaction. The
fluorescent curve of PCR (Fig. 2) also
showed good reproducibility in the CT

values for each cell concentration. PCR
reactions when subgingival plaque was
added did not significantly change the
CT values when compared with nega-
tive-plaque reactions (23.64 versus
22.5). The reliability analysis (Table 2)
provided values higher than 0.98 ICC
(po0.00001), demonstrating excellent
reproducibility.

Quantification of Tf

A DNA solution of 106 cells/3ml, 10-
fold dilutions were prepared for PCR,

Table 1. Variability of the Actinobacillus actinomycetemcomitans assay

Predicted copy number Mean CT Standard deviation CV (%)

106/reaction 22.78 0.127 0.559
105/reaction 26.07 0.269 1.031
104/reaction 28.8 0.028 0.098
103/reaction 31.845 0.219 0.688
102/reaction 34.685 0.290 0.836
101/reaction 36.835 0.827 2.246

CT, cycle number at which the reaction begins to be exponential for a known number of DNA

copies; CV, coefficient of variation.
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and five replicates for each dilution
were analysed in the experiment. Each
PCR contained 3ml of DNA template.
Table 4 shows the mean CT values for
each initial number of copies, and its
variability. The CV was below 5% for
all the concentrations. The fluorescent
curve at different cell concentrations is
shown in Fig. 3, demonstrating a good
reproducibility in the CT values for the
different number of copies. For these
bacterial species, the PCR assay demon-
strated the highest sensitivity. The PCR
reactions, when subgingival plaque was

added, slightly decreased the CT value
with respect to negative-plaque reac-
tions (16.315 versus 16.825). However,
the repeatability was improved (CV,
0.13% versus 1.387%). The reliability
analysis (Table 2) provided values high-
er than 0.99 ICC (po0.00001), demon-
strating excellent reproducibility.

Table 5 shows the reliability analysis
for the three bacteria combined with and
without the addition of subgingival
plaque. The results demonstrated almost
identical ICCs, therefore showing simi-
lar results.

Discussion

Among the various detection methods
used in diagnostic microbiology, PCR
has demonstrated the highest sensitivity,
being able to identify few cells with a
high specificity, under optimised ampli-
fication conditions. When compared
with bacterial culturing in the detection
of putative periodontal pathogens, dif-
ferent PCR assays have demonstrated
higher specificity and sensitivity values
(Riggio et al. 1996).

Most of the PCR assays developed
and tested to identify Aa, Pg or Tf have
used, as primers, 16S rRNA sequences
(Umeda et al. 1998, Mullaly et al. 2000,
Kamma et al. 2001, Okada et al. 2001).
However, since there might be different
number of these molecules per cell, the
use of these primers in PCR assays
aiming for reproducible quantification is
not indicated. In spite of this, only a
small number of PCR assays have used
as primers oligonucleotides derived
from a single copy gene. For Pg the
collagenase prtC gene has been used
(Fujise et al. 2002) and the fimbrillin
fimA gene (Riggio et al. 1996) have
been used; for Aa the leukotoxin lktA
gene (Riggio et al. 1996); and for Tf the
protease prtH gene (Tan et al. 2001).
Since the PCR tested in the present
study was aimed for quantification, we
have selected the complete sequences of
lktC gene from Aa, Arg-gingipain from
Pg and BspA antigen from Tf, yielding
excellent sensitivity (101 copies for Aa
and Tf and 102 for Pg) and specificity (no
cross-reaction was demonstrated with
any of the subgingival species tested).

Standard PCR technology, although
useful to determine the presence or
absence of a specific target microorgan-
ism, has significant limitations when
used for quantification in clinical sam-
ples. This bacterial mixture may contain
inhibitors that could reduce the ampli-
fication process, thus limiting the repro-
ducibility for any quantitative analysis
and, therefore, reducing its utility in
microbiological diagnosis, since the
mere detection of target bacteria, if it is
at low levels, may have no clinical
relevance. In this study, the PCR assay
was tested on pure cultures and after the
addition of subgingival plaque samples
with known absence of the target
bacterial. In both instances, the quanti-
tative method gave similar results, thus
demonstrating a well-optimised reaction.

The DNA extraction method used in
different PCR assays may also be
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Fig. 1. Quantification curve of Actinobacillus actinomycetemcomitans (Aa) real-time
polymerase chain reaction. Replicate curves generated by 10-fold dilutions of DNA
template from 106 to 101 cells/reaction.

Table 2. Reliability analysis for the PCR assay

Bacteria ICC value 95% confidence
interval

F-value Significance

Actinobacillus actinomycetemcomitans 0.9953 0.9846–0.9990 1763.84 0.0000
Porphyromonas gingivalis 0.9881 0.9599–0.9977 685.68 0.0000
Tannerella forsythensis 0.9903 0.9657–0.9979 998.48 0.0000

ICC, intra-class correlation coefficient; PCR, polymerase chain reaction.

Table 3. Variability of the Porphyromonas gingivalis assay

Predicted copy number Mean CT Standard deviation CV (%)

106/reaction 22.5 0.240 1.068
105/reaction 26.87 0.481 1.789
104/reaction 30.015 0.021 0.071
103/reaction 32.465 0.049 0.152
102/reaction 37.535 0.686 1.827

CT, cycle number at which the reaction begins to be exponential for a known number of DNA

copies; CV, coefficient of variation.
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critical when used for quantification of
bacteria. Most of the assays reported use
complex chemical extraction methods,
such as detergents, enzymes or silica
columns (Lyons et al. 2000, Sakamoto

et al. 2001). While most of these
methods yield a high DNA quality, a
different quantity of DNA may be lost
during processing, which discard it for
any quantitative evaluation. The method

we used in our real-time PCR assay was
based on the dilution of bacterial sample
cells in Tris-EDTA buffer and boiling.
To overcome the possible heteroge-
neous distribution of the boiling tem-
perature in the sample, a mineral oil
drop was used to cover each sample.
The amplification process with the three
bacterial species showed excellent
repeatability (Tables 1–3).

Recently, several quantitative PCR
assays have been developed and tested.
Fujise et al. (1995) developed a quanti-
tative PCR method for Aa using the
leukotoxin gene as a primer. Similarly,
Doungudomdacha et al. (2001) devel-
oped a quantitative PCR based on
ethidium bromide detection using as
primers fimA gene for Pg and lktA gene
for Aa. They showed a good correlation
between the number of Pg and the
clinical outcome variables studied in
their longitudinal evaluation (probing
depth and attachment loss). However,
both studies used the end-point PCR
methodology. PCR product synthesis
usually starts slowly until it suffers an
exponential growth and then it reaches
the plateau phase. Since the end-point
technology only measures the PCR
yield after the exponential growth
phase, there is usually a weak correla-
tion between the end-point PCR product
and the initial DNA quantity. This
methodology, therefore, may not be
accurate for a reproducible quantifica-
tion. In order to overcome some of these
difficulties, the real-time PCR technol-
ogy was developed, since it measures
the product synthesis during the early
exponential phase. Few studies have
used real-time PCR in periodontal
microbiological diagnosis. Lyons et al.
(2000) aimed to quantify Pg using
nested PCR with primers based on 16S
rRNA sequences. Shelbourne et al.
(2000) also used TaqMan chemistry to
quantify Tf with primers based on 16S
rRNA sequences. Although in these
reports a good correlation was encoun-
tered with the number of cells tested,
their approach may not be appropriate
since there might be a variable number
of these molecules per cell, which limits
their use for quantitative analysis.
Sakamoto et al. (2001) have used real-
time PCR for the detection and quanti-
fication of five periodontal pathogens
using the LightCycler system, which
also allows a good real-time quantifica-
tion. Recently, our research group
(Morillo et al. 2003) have also devel-
oped and tested a real-time PCR assay
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Fig. 2. Quantification curve of Porphyromonas gingivalis (Pg) real-time polymerase chain
reaction. Replicate curves generated by 10-fold dilutions of DNA template from 106 to
102 cells/reaction.

Table 4. Variability of the Tannerella forsythensis assay

Predicted copy number Mean CT Standard deviation CV (%)

106/reaction 16.825 0.233 1.387
105/reaction 20.85 0.269 1.289
104/reaction 22.43 0.933 4.161
103/reaction 27.83 0.452 1.626
102/reaction 31.685 0.615 1.941
101/reaction 34.435 1.336 3.881

CT, cycle number at which the reaction begins to be exponential for a known number of DNA

copies; CV, coefficient of variation.
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Fig. 3. Quantification curve of Tannerella forsythensis (Tf) real-time polymerase chain
reaction. Replicate curves generated by 10-fold dilutions of DNA template from 106 to
101 cells/reaction.
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for periodontal pathogens using the
SYBR Green I dye chemistry. Although
similar results were obtained and these
chemistries are cheaper than TaqMan,
they require a more complex process for
optimisation, until the conditions for
optimal specificity are met. Moreover,
the results are less specific, because of
the mechanism of union of the colorant
to the DNA chain. All these factors
make the TaqMan technology more
specific and versatile for its use in
microbiological testing of subgingival
samples.

In summary, we have developed and
tested a real-time PCR assay, based on
single copy gene sequence and on the
TaqMan chemistry, aimed at the quan-
tification of Aa, Pg and Tf in subgingi-
val plaque samples. This assay has
shown a high degree of specificity and
has proved to be a very reproducible
and consistent method to quantify these
pathogenic species. More research is
needed to validate the diagnostic utility
of this methodology with the use of
clinical samples.
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