
Periodontitis is well recognized as an
infectious disease, and several pathogens
have been identified on the basis of their
association with this disease (9). Porphy-
romonas gingivalis and Aggregatibacter
actinomycetemcomitans are considered the
major periodontal pathogens. P. gingivalis,

an anaerobic gram-negative bacterium, is
associated with adult periodontitis (11)
and the development and progression
of periodontitis (13, 16). A. actinomyce-
temcomitans, a gram-negative facultatively
anaerobic short rod, has been associated
with the etiology of periodontal disease,

mainly aggressive periodontitis (27, 30).
These bacteria are predominantly and
frequently detected in periodontal pockets
and are capable of colonizing and invading
periodontal tissues (17, 20, 23). These
bacteria have also been detected on buccal
epithelial cells in periodontitis patients
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Introduction: The current detection methods for periodontopathogens mainly use
polymerase chain reactions. However, there are few methods available for visualizing
the bacteria that impact on patients with periodontal disease for use in health education.
The purpose of this study was to develop a specific detection method to visualize
periodontopathogenic bacteria.
Methods: Fluorescently-labeled oligonucleotide probes directed to specific 16S
ribosomal RNA (rRNA) sequences of Porphyromonas gingivalis and Aggregatibacter
actinomycetemcomitans were synthesized. Cultured individual bacterial species were
fixed with 4% paraformaldehyde and smeared on glass slides. Fluorescein isothiocyanate-
labeled oligonucleotide probes were hybridized under stringent conditions with smeared
whole cells, and then probe specificity was investigated by epifluorescence microscopy.
Results: Comparatively long (50-mer) oligonucleotide probes for P. gingivalis and
A. actinomycetemcomitans were designed. These probes clearly hybridized with 16S
rRNA of the target species in situ and single bacterial cells were detectable visually. The
probes exhibited no cross-hybridization against the additional organisms that were closely
related to the target species.
Conclusions: The fluorescence in situ hybridization technique is a specific and reliable
method by which to visually identify the target organisms. The oligonucleotide probes
designed in this study will be useful for detecting P. gingivalis and A. actinomycetem-
comitans populations.
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(22) so they are ubiquitously located in the
oral cavity.
Microbiological diagnosis is important in

the rationale for treatment planning and
gaining informed consent from patients
with periodontitis. Many studies have
shown that individual maintenance and
self-care are important to achieve and keep
a satisfactory oral health status (4, 5). The
success of the treatment and prevention of
periodontitis requires the participation and
cooperation of patients. For the motivation
of patients with periodontal disease, it is
useful to visualize their own bacterial
pathogens as well as the presentation of
clinical parameters. Not only demonstration
of the high diversity and numerous bacteria
in the plaque sample but also visualization
of P. and A. actinomycetemcomitans can be
an effective form of motivation for the
patient with periodontitis. There are various
methods for the detection of periodontal
pathogens such as anaerobic cultures using
selective media, molecular biological tech-
niques, and immunoassays (28). Polymer-
ase chain reaction (PCR) techniques based
on target DNA sequences are the most
frequently used methods (12, 18, 29).
However, PCR techniques are not qualita-
tive and record only the presence of the
bacteria in the sample.
Molecular biological methods using 16S

ribosomal RNA (rRNA) gene sequences
are now commonly used for the identifi-
cation and classification of bacteria. Ribo-
somal RNA sequences are widely used to
rank biological phylogenetic taxonomy
including that of microorganisms (10,
15). Since the 16S rRNA contains some
very well-conserved regions among bio-
logical species, the comparison of 16S
rRNA sequences is possible in studies of
molecular evolution. Such 16S rRNA
sequences also enable the identification
microorganisms because the 16S rRNA
contains other more variable sequences

that change according to species or fam-
ilies (19, 21). The 16S rRNA is therefore
used not only for phylogenetic analysis but
also for the species-specific identification
of bacteria. Fluorescence in situ hybrid-
ization (FISH) using 16S rRNA is one of
the most powerful tools in visualizing
microorganisms and enables the detection
and enumeration of populations in sponta-
neous conditions without cultivation
(3, 31). Sunde et al. (25) and Thurnheer
et al. (26) reported visual detection of
target bacteria using FISH in vivo and
in vitro, indicating that FISH is effective for
the visual detection of target bacteria from
the microflora. In most studies using FISH,
approximately 20-mer oligonucleotides
were used as 16S rRNA probes because
the short-oligonucleotide probes can per-
meate fixed whole cells, although these
shorter probes may frequently and non-
specifically hybridize to sequences similar
to the target. Homology search analysis
using a DNA sequence databank indicates
that the 24-mer oligonucleotide probe
shows more than 80% identity to DNA
sequences of 33 bacterial species (25).
The purpose of the present study was to

develop a method for the species-specific
detection and visualization of periodonto-
pathogenic bacteria for use in a clinical
setting. Fifty-mer oligonucleotide probes,
which were designed to enhance specificity,
were constructed for species-specific 16S
rRNA sequences of P. gingivalis and
A. actinomycetemcomitans, and these FISH
probeswere examined to determinewhether
they were able to specifically detect
P. gingivalis andA. actinomycetemcomitans.

Materials and methods

Bacterial strains and culture conditions

The strains and sources of bacteria inves-
tigated in this study are listed in Table 1.
All bacteria, except A. actinomycetem-

comitans species, were cultured in brain–
heart infusion broth supplemented with
0.001% hemin and 0.0001% vitamin K at
37�C under anaerobic condition (N2:
80%, H2: 10%, CO2: 10%). The cells
were grown to mid-logarithmic phase and
harvested by centrifugation to optimize
the rRNA content. The growing medium
was decanted, and the cells were resus-
pended in phosphate-buffered saline
(PBS; pH 7.2).

Cell fixation and storage

Cells were fixed with fresh, cold parafor-
maldehyde solution (4% in PBS). One
volume of cell suspension was mixed with
3 volumes of fixative, and the mixture was
incubated at room temperature for at least
3 h. The cells were pelleted by centri-
fugation (7,000 g for 5 min), washed
with PBS solution to remove residual
fixative, pelleted again, and resuspended
at a concentration of 107 to 108 cells per
ml in PBS. One volume of fixed cell
suspension was added to 1 volume of cold
absolute ethanol, and the mixture was
stored at )20�C for up to 3 months
without apparent influence on the hybrid-
ization (21).

Preparation of cell smears

The fixed-cell suspensions were spotted
onto cleaned glass slides and allowed to air
dry for at least 2 h. After dehydration in
50, 80, and 99% (volume/volume) ethanol
(3 min each), the slides were stored dry at
room temperature.

Design and synthesis of

oligodeoxynucleotide probes

A database of bacterial 16S rRNA
sequences was collected and analysed to
identify probe targets of appropriate

Table 1. Summary of the bacterial strains used in this study and hybridization results for the oligonucleotide probes

Bacteria Source

Hybridization signal with probe

PG177 AA191

Porphyromonas gingivalis FDC381 + )
ATCC33277 + )

Prevotella intermedia ATCC25611 ) )
Prevotella nigrescens ATCC33563 ) )
Prevotella loescheii ATCC15930 ) )
Prevotella melaninogenica ATCC25845 ) )
Prevotella denticola ATCC33184 ) )
Aggregatibacter actinomycetemcomitans Y4 ) +

ATCC29523 ) +
NCTC9710 ) +

Fusobacterium nucleatum ATCC25586 ) )
Haemophilus aphrophilus ATCC15416 ND )

ATCC5908 ND )
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specificity. Two oligonucleotides specific
for P. gingivalis and A. actinomycetem-
comitans were designed. Probe sequences
and target positions corresponding to
positions in the Escherichia coli 16S
rRNA (7) are listed in (Fig. 2A,B). The
PG177 probe sequence for P. gingivalis
was as follows; 5¢-ACAGCTATAAATA
TTTCCTTGTAATATCATGCAATAATAC
AAGTGTATGC-3¢. The AA191 probe
sequence for A. actinomycetemcomitans
was as follows; 5¢-CACTTGGGTTCAT
CTCATGGCATGCGGCCATAAAGTCC
CGCACTTTCGTC-3¢. An alignment of
these probes with the complementary
regions of the 16S rRNAs from represen-
tative organisms of the five main
subgroups of target species and represen-
tative non-target organisms characteristic
of other phyla that are prevalent in the oral
cavity is given in Fig. 1. The 50-mer
oligonucleotide probes were labeled with
digoxigenin (DIG) synthesized by Nihon
Gene Research Laboratories (Sendai, Japan).

Whole-cell hybridization with DIG-labeled

oligonucleotide probes and detection

using fluorescent dye anti-DIG Fab

fragment

An aliquot of 8 ll hybridization solution
(0.9 m sodium chloride, 20 mm Tris–HCl,
0.01% sodium dodecyl sulfate, pH 7.2)
containing 50 ng oligonucleotide probe
was applied to the prepared slide and

incubated for 2 h at 45�C in an iso-
tonically equilibrated humid chamber.
Fluorescein isothiocyanate-labeled or rho-
damine-labeled anti-DIG Fab fragments
(Roche Diagnostics, Basel, Switzerland)
were diluted 1 : 4 in a solution containing
150 mm sodium chloride, 100 mm Tris–
HCl (pH 7.5), 0.5% bovine serum albu-
min and 0.5% blocking reagent (Roche
Diagnostics); 10-ll aliquots of these
dilutions were added to each smear and
incubated with the labeled probe for 1 h
at 27�C in the humid chamber. The slide
was removed from the humid chamber
and immersed in 40 ml washing solution
(150 mm sodium chloride, 100 mm Tris–
HCl, 0.01% sodium dodecyl sulfate, pH
7.4) at 29�C for 10 min. Slides were
rinsed briefly with sterile water, air-dried,
and mounted using a Prolonged Antifade
kit (Molecular Probe Inc., Eugene, OR).
The cell smears were viewed with a U
plan Fl · 100 objective (oil immersion)
lens on an Olympus BX51 microscope
fitted for epifluorescence microscopy
(Olympus Optical Co., Tokyo, Japan).
Photographs were taken using Kodak
Ektachrome P1600 film (Kodak Japan,
Tokyo, Japan).

Results

Construction of species-specific probes

Phylogenetic analysis was carried out to
design the species-specific DNA probes.

16S rRNA sequences of prevalent oral
species were collected from the GenBank
database (Table 2). Figure 1 shows a phy-
logenetic tree based on sequence
homology of the 16S rRNA sequence.
Comparative analysis of 16S rRNA
sequences revealed relatively close rela-
tionships between Porphyromonas and
Prevotella strains, but A. actinomycetem-
comitans differed significantly from these
two species (Fig. 1). P. gingivalis showed
a high sequence similarity to Tannerella
forsythensis. A. actinomycetemcomitans
was close to Haemophilus aphrophilus
(Fig. 1).
Figure 2 shows the sequence homology

of the 16S rRNA region in the predom-
inant species of periodontopathogenic
bacteria. The target site of the probe
specific for the P. gingivalis ranged from
positions 177 to 226 (Fig. 2A). This
probe had 26 mismatches to the corre-
sponding region in T. forsythensis, which
showed 93% 16S rRNA sequence simi-
larity to P. gingivalis 381 in the phylo-
genetic tree. The target site of the AA191
probe for A. actinomycetemcomitans ran-
ged from positions 191 to 240. The
AA191 probe has eight mismatches with
the comparable region in H. aphrophilus.
Furthermore, the sequence homology of
the designed probe to the overall 16S
rRNA in reference organisms was con-
firmed using the sequence homology tool
of the program DNAsis.

Fig. 1. Phylogenetic tree based on 16S ribosomal RNA sequence comparisons of Porphyromonas, Prevotella, and representatives of principal oral
bacteria. The branch lengths correlate with the significance of the separation of the respective internal and terminal nodes. Multiple branchings indicate
that the relative order of the corresponding branches could not be resolved or was not supported using different methods of tree construction.
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Specificities of oligonucleotides probe

Five strains belonging to the Prevotella
group, two strains belonging to the Por-
phyromonas group, and three strains of
A. actinomycetemcomitanswere used to test
probe specificity (Table 1). In situ hybrid-
izations with either probe PG177 or probe
AA191 were performed routinely at 45�C.
Amann et al. reported that although hybrid-
ization at high stringency resulted in an
overall reduction in fluorescence intensity,
it was possible to distinguish between
strains that differed by a single mismatch
within the target site (20-mer) at 45�C
hybridization (21). In this study, five strains
of the Prevotella group showed from 23 to
30 mismatches to the target region of probe
PG177 (50-mer). Therefore, it was assumed
that this hybridization temperature was
sufficient to distinguish more than one
mismatch hybrid and to offer high specific-
ity for both the PG177 and AA191 probes.
Representative photomicrographs for

whole-cell hybridization are shown in
Figs 3 and 4. The PG177 probe is comple-
mentary to P. gingivalis strain FDC 381 and
shows 100% similarity to the target
sequence of strain ATCC33277. This

oligonucleotide probe labeled with DIG at
the 5¢-end hybridized equally well with
rRNA molecules in whole fixed cells, and
the reporter molecule could be detected
in situ with fluorescently labeled anti-DIG
Fab fragments. P. gingivalis FDC381 and
ATCC33277 were strongly fluorescent
(Fig. 3A,B), whereas four strains of the
Prevotella group showed no hybridization
to probe PG177 (Fig. 3C–F). In fluores-
cence micrographs, each cell of strains
FDC381 and ATCC33277 was clearly
identified using probe PG177 and showed
the distinct shape of short rods. In the same
way, probe AA191 showed strong fluores-
cence when hybridized with A. actinomy-
cetemcomitans (strains ATCC29523,
NCTC9710, and Y4) cells, whereas two
strains ofH. aphrophilus showed no hybrid-
ization to the AA191 probe (Fig. 4). These
results showed that the 50-mer length probe
in this study was able to permeate the fixed
cells and to hybridize with rRNA.

Detection and enumeration of specific cells

in mixtures

Defined mixtures of either P. gingivalis
and Fusobacterium nucleatum or A. ac-

tinomycetemcomitans and F. nucleatum
were hybridized with two probes to inves-
tigate the utility of the probes for enu-
merating specific bacteria against a
background of non-target cells. Fixed
P. gingivalis (1.0 · 107/ml) and F. nucle-
atum (1.0 · 107/ml) cell suspensions were
mixed. In a mixture of P. gingivalis (short
rods) and F. nucleatum (spindle-shaped),
the use of the PG177 probe detected only
P. gingivalis (Fig. 5). The P. gingivalis was
strongly fluorescent whereas F. nucleatum
showed no hybridization to the PG177
probe. Similarly, probe AA191 detected
only the target bacterial cells in a mixture
of A. actinomycetemcomitans (coccoid)
and F. nucleatum. These results suggest
that the species-specific probes used in this
study can correctly and specifically detect
target bacteria.

Discussion

Members of the genera Porphyromonas
and Prevotella are anaerobic gram-nega-
tive, black-pigmented, oral pathogens reg-
ularly isolated from cases of gingivitis and
periodontitis. The rapid, specific, and vis-
ible identification of obligate anaerobes

Table 2. 16S ribosomal RNA sequences for a phylogenetic tree

Accession number Definition Source

AB035455 16S rRNA gene Porphyromonas gingivalis FDC381
AY546475 16S rRNA gene Porphyromonas gingivalis ATCC33277
L16491 16S rRNA gene Porphyromonas endodontalis
L16468 16S rRNA gene Prevotella intermedia ATCC25611
L16481 16S rRNA gene Prevotella loeschei
L16467 16S rRNA gene Prevotella denticola
L16469 16S rRNA gene Prevotella melaninogenica
L16474 16S rRNA gene Prevotella oris
L16487 16S rRNA gene Prevotella heparinolytica
AY689230 16S rRNA gene Prevotella nigrescens
AJ005634 16S rRNA gene Prevotella tannerae
L04321 16S rRNA gene Bacteroides ureolytica
M22512 16S rRNA gene Eikenella corrodens
U65987 16S rRNA gene Eubacterium saphenum
AJ133496 16S rRNA gene Fusobacterium nucleatum ATCC25586
AF287793 16S rRNA gene Selenomonas sputigena
AF287799 16S rRNA gene Selenomonas noxia
AB035460 16S rRNA gene Tannerella forsythensis
AF133536 16S rRNA gene Capnocytophaga sputigena
L14635 16S rRNA gene Capnocytophaga ochracea
AY119692 16S rRNA gene Treponema denticola
DQ174168 16S rRNA gene Campylobacter gracilis
L04317 16S rRNA gene Campylobacter rectus
X82500 16S rRNA gene Dialister pneumosintes
AY323523 16S rRNA gene Peptostreptococcus micros
AB097215 16S rRNA gene Propionibacterium acnes
X82435 16S rRNA gene Actinomyces viscosus
AF104671 16S rRNA gene Streptococcus intermedius
AY281076 16S rRNA gene Streptococcus mitis
DQ303189 16S rRNA gene Streptococcus mutans
AY188352 16S rRNA gene Streptococcus salivarius
DQ303192 16S rRNA gene Streptococcus sanguis
AY362906 16S rRNA gene Haemophilus aphrophilus
M75035 16S rRNA gene Aggregatibacter actinomycetemcomitans Y4
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from a highly complex microbiota in
periodontitis is a difficult task. The goal
of the present study was to determine

whether the new oligonucleotide probes
constructed in this study could specifi-
cally and visually detect P. gingivalis

and A. actinomycetemcomitans by FISH.
The 50-mer oligonucleotide probes con-
structed showed clear fluorescence with

A

B

Fig. 2. Sequence alignment of 16S ribosomal RNAs in the vicinity of the oligonucleotide target regions and sequences of the probes. Target positions for
the probes are indicated by boxes. The probe and target site sequence is displayed in the upper row. Positions that differ from the target sequence are
shown underlined in bold type; positions numbered according to Brosius et al. (7) (A) The sequence of the oligonucleotide probe for Porphyromonas
gingivalis, PG177. (B) The sequence of the oligonucleotide probe for Aggregatibacter actinomycetemcomitans, AA191.
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P. gingivalis and A. actinomycetemcomi-
tans, which were used as positive control
strains (Figs 3 and 4). These probes were
also effective in the specific identification
and visualization of bacterial single cell
morphology.
Visualization of bacteria in various

clinical samples is important in the diag-
nosis of periodontal diseases. The FISH
technique is a useful method for the
visualization, identification, enumeration,
and localization of the bacterial species
within a variety of biological samples (8,
25, 26). This technique is effective for
studying complex microbiota and their
relationship with different growth condi-
tions and hosts (2). It is a major advantage

of FISH that growing bacteria are detect-
able, particularly those anaerobic peri-
odontal species that cannot be cultured or
that are difficult to culture. P. gingivalis is
an obligate anaerobe showing nutrition
requirements for vitamin K and hemin, and
it is difficult to detect this species using
culture-dependent techniques. The present
results demonstrated that FISH with a
single-use probe could simply and easily
detect P. gingivalis and A. actinomycetem-
comitans (Figs 3 and 4). It was shown that
the clear shape of single bacterial cells
could be visualized by FISH with the
present oligonucleotide probes.
The length of the probe is important

because shorter probes frequently and non-

specifically hybridize to similar sequences
to the target. Homology search analysis
using a DNA sequence databank indicated
that only two or three species showed
more than 80% identity to our 50-mer
oligonucleotide probes whereas this value
was 33 species for a 24-mer oligonucleo-
tide probe (25). Probe lengths may be
increased to obtain the necessary specific-
ity and single-cell fluorescence. Simulta-
neous application of several fluorescently
mono-labeled oligonucleotide probes di-
rected to different target sites of one rRNA
molecule has additively increased the
signal intensity (1), but the number of
sites on the rRNA with a defined specific-
ity for the probe is limited. It was reported

A B

C D

E F

Fig. 3. Microscopic observation of whole-cell hybridization with fluorescein isothiocyanate-labeled PG177 probe. All hybridizations were performed at
45�C and wash steps were performed at 30�C. Phase-contrast (left) and epifluorescence (right) photomicrographs are displayed for each field. (A)
Porphyromonas gingivalis ATCC33277, (B) P. gingivalis FDC381, (C) Prevotella intermedia ATCC25611, (D) Prevotella nigrescens ATCC33563, (E)
Prevotella melaninogenica ATCC25845, and (F) Prevotella denticola ATCC33184 hybridized with the P. gingivalis probe.

A D

B

C

E

Fig. 4. Microscopic observation of whole-cell hybridization with fluorescein isothiocyanate-labeled or rhodamine-labeled AA191 probe. All
hybridizations were performed at 55�C and wash steps were performed at 30�C. Phase-contrast (left) and epifluorescence (right) photomicrographs are
displayed for each field. (A) Aggregatibacter actinomycetemcomitans Y4, (B) A. actinomycetemcomitans ATCC29523, (C) A. actinomycetemcomitans
NCTC9710, (D) Haemophilus. aphrophilus ATCC15416, and (E) H. aphrophilus ATCC5908 hybridized with the A. actinomycetemcomitans probe.
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that DIG significantly amplifies the signal
intensity as an effective reporter molecule
(21). Therefore, 50-mer oligonucleotides
labeled with DIG were used to enhance the
signal intensity. Fixed target cells in this
study were permeable to oligonucleotides
of this length and exhibited species-
specific DNA–DNA hybridization in situ
(Figs 3A,B and 4). This method showed
sufficient fluorescence intensity to detect
single bacterial cells so FISH using the
present probes has proved to be a useful
method for the direct detection and iden-
tification of P. gingivalis and A. actino-
mycetemcomitans.
The results of the direct detection of the

target bacterium in the mixed bacterial
samples of F. nucleatum and P. gingivalis
or F. nucleatum and A. actinomycetem-
comitans, demonstrated that the present
oligonucleotide probes reacted strongly
enough for clear microscopic discrimina-
tion of the targeted cells (Fig. 5). From the
bacterial cell count by fluorescent micros-
copy, the present probes could exactly
detect the targeted bacterial cell numbers
that were applied in the bacterial species

mixtures (data not shown). It is expected
that our 50-mer length oligonucleotide
probes exactly and visually detect target
bacteria in a more complicated microflora
in a host. Our results show that longer
oligonucleotides may be applied to various
natural samples.
The FISH approach using the present

50-mer oligonucleotide probes can visual-
ize periodontal pathogens and enable the
presentation of visual data to a patient with
periodontal disease. Many studies have
shown the importance of individual-ad-
justed maintenance and self-care programs
to achieve and maintain satisfactory oral
health status (6, 24). The success of the
treatment depends on the capacity of the
patient’s for oral self-care (14). Explaining
the disease status by showing images of
the periodontal pathogenic bacteria to a
patient will be a powerful motivation for
oral self-care. The present FISH method
will enable specific and visible detection of
periodontopathogens in a patient in a
clinical setting.
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