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Porphyromonas gingivalis, one of the gram-negative organisms associated with periodontal disease, possesses
potential virulence factors, including fimbriae, proteases, and major outer membrane proteins (OMPs). In this
study, P. gingivalis ATCC 33277 was cultured in a chemostat under hemin excess and presumably peptide-
limiting conditions to better understand the mechanisms of expression of the virulence factors upon environ-
mental changes. At higher growth rates, the amounts of FimA and the 75-kDa protein, forming long and short
fimbriae, respectively, increased significantly, whereas gingipains decreased in amount and activity. In a
nutrient-limited medium, lesser amounts of the above two fimbrial proteins were observed, whereas clear
differences were not found in the amounts of gingipains. In addition, two-dimensional electrophoresis revealed
that proteins in cells were generally fewer in number during nutrient-limited growth. Under aeration, a
considerable reduction in gingipain activity was found, whereas several proteins associated with intact cells
significantly increased. However, the expression of major OMPs, such as RagA, RagB, and the OmpA-like
proteins, was almost constant under all conditions tested. These results suggest that P. gingivalis may actively
control expression of several virulence factors to survive in the widely fluctuating oral environment.

It has been reported that more than 80% of U.S. adults have
overt gingivitis and about half of them have periodontitis (1).
In periodontal diseases, teeth may be lost after inflammation
spreads to the supporting periodontal tissues. Not only local
events such as inflammation and trauma but also systemic and
environmental factors are involved in establishment of peri-
odontal diseases (9). The formation and maturation of plaque,
especially subgingival plaque in periodontal pockets, are also
involved (61). Although there are more than 600 species of
bacteria in the mouth (30), specific species of gram-negative
anaerobic bacteria, spirochetes, and motile rods are known to
participate in formation of subgingival plaque (20, 60). Porphy-
romonas gingivalis, a gram-negative anaerobe, is considered to
contribute to periodontitis, since it is detected frequently in
patients with these diseases (56, 60).

Asaccharolytic P. gingivalis mainly obtains nutrients by deg-
radation of proteins. This bacterium is known to have many
potential virulence factors, including fimbriae, proteases, hem-
agglutinins, lipopolysaccharide, capsule polysaccharides, and
major outer membrane proteins (26, 31). P. gingivalis expresses
two types of fimbriae, long fimbriae composed of FimA (fim-
brilin) (67), and short fimbriae composed of a 75-kDa protein
(21, 51, 68). Many studies have shown that FimA has various
functions, which include attachment to and invasion of gingival
epithelial cells (28, 64), coaggregation with other species of
bacteria (2), attachment to salivary components (4), activation
of fibroblasts and macrophages (24), induction of inflamma-
tory cytokines, and bone resorption (23).

Several proteins are often found in the outer membrane
fraction, particularly RagA, RagB, Arg-gingipains (Rgps), Lys-

gingipain (Kgp), and the OmpA-like proteins (41, 42). RagA is
a TonB-dependent outer membrane receptor. RagB forms a
complex with RagA, and the complex participates in uptake of
unknown substances (11). Gingipains are highly active endo-
type, trypsin-like, cysteine proteases (27, 47). Rgps and Kgp
hydrolyze the peptide bonds containing Arg and Lys residues,
respectively. Most gingipain activity is found on the cell surface
associated with the outer membrane, and the remainder is
released to the culture medium. Recently, the OmpA-like pro-
teins were shown to form a heterotrimeric structure composed
of two homologous proteins, Pgm6/7 (44).

Bacteria sense surrounding environmental factors and sub-
sequently adapt their physiology, including the growth rate,
accordingly (52). Therefore, it is important to investigate the
effects of the growth rate and environment on expression of
virulence factors. Batch culture is generally used for bacterial
studies. However, since bacteria are cultured in a closed envi-
ronment, culture factors such as consumption of nutrients,
accumulation of metabolic products, and cell number and
growth phase are continuously changing. Therefore, batch cul-
ture is not always suitable for studies on bacterial physiology.

Another culture system, continuous culture in a chemostat,
may also be used (50). By adjusting the dilution rate in a
chemostat, reproducible steady-state conditions at a certain
exponential growth rate are obtained because the physiological
state of bacteria, i.e., the number of cells, growth rate, and
surrounding environment, is stable. The growth rate of bacte-
ria and the dilution rate become equal in the steady state. Once
the steady state is established, culture fluid under the particu-
lar condition can be readily obtained for analysis during the
experiment. With these characteristics, this method is ideal for
studying the physiology of bacteria.

It is important to investigate how P. gingivalis adapts to
changes in the oral environment. In this study, we examined
the effects of growth rate, medium, and aeration on expression
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of major virulence factors and cellular proteins in P. gingivalis
ATCC 33277 in a chemostat.

MATERIALS AND METHODS

Bacterial strain, culture media, and culture conditions. P. gingivalis ATCC
33277 was used throughout this study. The strain was grown in Trypticase soy
broth (BBL; Becton Dickinson Microbiology Systems, Sparks, MD) supple-
mented with 0.25% yeast extract (Difco, Becton Dickinson Microbiology Sys-
tems), 2.5 �g/ml hemin, 5.0 �g/ml menadione, and 0.01% dithiothreitol (DTT)
(sTSB broth) to examine the effects of growth rate and aeration. To examine
effects of medium, sTSB was used as a nutrient-rich medium and synthetic
Eagle’s minimal essential medium (MEM; Nissui Pharmaceutical Co., Tokyo,
Japan) supplemented with 0.3% bovine serum albumin (BSA; fraction V), 2.5
�g/ml hemin, 5.0 �g/ml menadione, and 0.01% DTT (0.3% BSA–MEM) was
used as a nutrient-poor medium. A preliminary experiment in batch culture
revealed that P. gingivalis could not grow in Eagle’s MEM; however, it could
grow after addition of BSA. P. gingivalis was precultured under anaerobic con-
ditions at 37°C for 48 h using prereduced sTSB broth. The preculture was then
inoculated into 300 ml of fresh prewarmed sTSB broth and incubated anaero-
bically at 37°C for 48 h.

Continuous culture was performed in a model BioFlo 3000 chemostat (New
Brunswick Scientific, Edison, NJ) with a working volume of 600 ml. Three
hundred milliliters of the bacterial culture in sTSB described above was added to
300 ml of prereduced fresh sTSB broth in the chemostat vessel. The mixture was
allowed to grow under batch culture conditions at 37°C overnight under an
atmosphere of N2. After growth, the medium reservoir pump was turned on and
the medium flow was adjusted to give an appropriate dilution rate. Culture fluid
in the vessel was continuously agitated at 50 rpm. Both the culture vessel and
medium reservoir were continuously gassed with N2 (100 ml/min). The temper-
ature was set at 37°C, and the pH was controlled at 7.4 by addition of 1 N HCl
or 1 N NaOH.

The effects on the growth rate were examined in sTSB broth by sequential
establishment of steady-state growth at dilution rates (D) of 0.05 (doubling time
[td] of 13.9 h), 0.15 (td � 4.6 h), and 0.3 h�1 (td � 2.3 h). The effects of growth
medium were determined at a constant dilution rate of 0.05 h�1. After the
steady-state growth had been established in sTSB broth, the medium was then
replaced with 0.3% BSA–MEM and cultured until steady-state conditions were
established again. The effect of aeration was examined in sTSB broth at a
medium dilution rate of 0.15 h�1. After the steady-state growth had been estab-
lished under anaerobic conditions with continuous N2 flow, the gas was changed
to compressed air (100 ml/min), and organisms were cultured until steady-state
conditions were achieved.

Bacterial growth was monitored by measuring optical density at 600 nm
(OD600). Anaerobic conditions were checked by monitoring redox potential
(Eh). Usually Eh values were less than �400 mV. After at least eight vessel
volumes of the medium were fed into and out of the vessel, a steady state was
achieved, based on the constancy of the OD600. All results described below were
confirmed by at least duplicate independent experiments. The cultures were
checked daily for purity by Gram staining.

P. gingivalis cell fractionation. All of the fractionation procedures were per-
formed at 4°C. Bacterial cultures were immediately centrifuged at 10,000 � g for
20 min to separate the cell-free culture supernatant and cells. Cells were gently
washed once to minimize the removal of fimbriae with 10 mM HEPES-NaOH
(pH 7.4) containing 0.15 M NaCl and then resuspended in 10 mM HEPES-
NaOH (pH 7.4) containing protease inhibitors (0.1 mM N-�-p-tosyl-L-lysine
chloromethyl ketone, 0.2 mM phenylmethylsulfonyl fluoride, and 0.1 mM leu-
peptine; HEPES buffer) to prevent proteolytic degradation. The cells were dis-
rupted using a sonicator (Bioruptor UCD-200T; Cosmo Bio, Tokyo, Japan) and
repeating 30-s bursts and 30-s intervals for 15 min. After the remaining unbroken
cells were removed by centrifugation at 1,000 � g for 10 min, the supernatant was
used as the whole-cell lysate fraction, which was subjected to ultracentrifugation
at 100,000 � g for 60 min in a Beckman fixed-angle rotor (TLA-100.2; Palo Alto,
CA) to separate the envelope and soluble fractions (43). The culture supernatant
was first passed through a filter (0.22 �m) to remove residual cells. Then,
proteins were precipitated with 80% saturation of ammonium sulfate, followed
by centrifugation to collect the precipitate at 20,000 � g for 30 min. The pre-
cipitate was dissolved in a small volume of HEPES buffer and dialyzed exten-
sively against the same buffer. This solution was used as the culture supernatant
fraction.

Samples for two-dimensional electrophoresis were prepared from washed cells
treated in 10% trichloroacetic acid for 20 min on ice. The cells were recovered
by centrifugation at 20,000 � g for 20 min and washed twice with diethyl ether to

remove trichloroacetic acid. After being dried at room temperature, the resulting
material was used as the whole-cell sample. The amount of protein was estimated
by the method of Bradford (8) with bovine serum albumin as the standard.

SDS-PAGE. Sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-
PAGE) was carried out in a 12% gel as described by Lugtenberg et al. (33). The
samples were solubilized with a reduction mixture containing SDS and 2-mer-
captoethanol at 100°C for 5 min. The gel was stained with Coomassie brilliant
blue R-250 (CBB) to detect proteins and to compare the intensities of protein
bands of the major virulence factors.

Antibodies. Antisera raised in rabbits against RagA, RagB, and putative porin
were used (43). Antisera against the fimbrilin monomer (FimA), fimbriae (fim-
brilin polymer), and the 75-kDa protein were described previously (67, 68).
Antiserum recognizing both Kgp and Rgps was kindly provided by K. Yamamoto
(Department of Pharmacology, Graduate School of Dental Science, Kyushu
University).

Western immunoblotting. After SDS-PAGE, proteins in gels were electro-
phoretically transferred onto nitrocellulose membranes (63) and then immuno-
stained with specific antibodies essentially as described previously (43). For
detection of Rgps and Kgp, the ECL Plus Western blotting detection system
(Amersham Biosciences) was used.

Enzyme assays. Lys-X- and Arg-X-specific cysteine proteinase activities were
determined by measuring the hydrolysis of the synthetic substrates N-p-tosyl-
Gly-Pro-Lys p-nitroanilide (Sigma Chemical, St. Louis, MO) and N-�-benzoyl-
L-Arg p-nitroanilide (Sigma Chemical), respectively (25). Briefly, a portion of the
culture fluid or the cell-free supernatant was used to make a reaction mixture
containing 50 mM Tris-HCl (pH 8.5) and 10 mM DTT. The reaction was started
by addition of the substrate (final concentration of 0.2 mM) followed by incu-
bation at 37°C for 10 min. The reaction was stopped by addition of 0.2 ml of 50%
acetic acid. Release of cleaved p-nitroanilide was determined by measuring the
OD405. Protease activities were divided by the OD600 values of the cell density to
normalize all values per OD600 unit.

Two-dimensional gel electrophoresis (2-DE). Isoelectric focusing (IEF) in the
first dimension was carried out using an Ettan IPGphor II equipped with a

FIG. 1. Comparison of SDS-PAGE patterns at various growth
rates. Cells were grown in sTSB. Dilution rates were set at 0.05, 0.15,
and 0.30 h�1. Samples for the culture supernatant fraction were pre-
pared from the same volume of culture and loaded on the basis of the
same volume. The same amount of protein (50 �g) was applied for the
envelope and whole-cell lysate fractions. The gel was stained with
CBB. Protein bands of major virulence factors are shown as follows: a,
RagA; b, 75-kDa protein; c, Kgp; d, RagB, e, Rgps; f, OmpA-like
proteins; g, FimA. Lane M, molecular mass marker.
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cup-loading manifold as a sample addition apparatus (Amersham Biosciences).
The whole-cell sample was dissolved in a solubilization solution (7 M urea, 2 M
thiourea, 4% 3-[{3-cholamidopropyl} dimethylammonio]-1-propanesulfonic
acid [CHAPS], 1 mM EDTA, 40 mM Tris base, and 0.2% tributyl phosphine).
The dissolved whole-cell sample was applied to an Immobiline DryStrip (pH 4 to
7; 13 cm; Amersham Biosciences) swollen with a rehydration solution (7 M urea,
2 M thiourea, 4% CHAPS, 0.5% IPG buffer [pH 4 to 7; Amersham Biosciences],
1 mM EDTA, 50 mM DTT, and bromophenol blue). IEF was initially conducted
at 100 V for 1 h, from 500 V to 5,000 V for 3 h, and at 5,000 V for 6 h. After IEF,
the strips were equilibrated in a buffer (50 mM Tris-HCl, pH 8.8, 6 M urea, 30%
glycerol, 2% SDS, and bromophenol blue) containing 1% DTT, followed by
incubation in the same buffer except that DTT was replaced by 2.5% iodoacet-
amide. The equilibrated strips were embedded on top of 12% gels using molten
agarose. After SDS-PAGE in the second dimension was performed, the gels
were stained with CBB.

Image analysis. Each CBB-stained one-dimensional SDS-PAGE gel and im-
munoblotted membrane was analyzed as a digitized image using NIH ImageJ
version 1.3.4 software. The CBB-stained 2-DE gels were scanned with LabScan
version 5.0 on an ImageScanner (Amersham Biosciences), and the images were
processed with the software ImageMaster 2D Platinum version 5.0 (Amersham
Biosciences).

Protein analysis by mass spectrometry. Protein spots after 2-DE were ana-
lyzed by matrix-assisted laser desorption ionization–time-of-flight mass spec-
trometry (MALDI-TOF MS). After in-gel tryptic digestion, peptides were ex-
tracted, concentrated, and analyzed using a Voyage-DE STR BioSpectrometry
work station (Applied Biosystems, Foster City, Calif.) in the reflector mode
essentially as described elsewhere (16, 55). The identities of the proteins were
deduced from MS peaks via the MS-Fit peptide mass fingerprinting methods in
Mascot (http://www.matrixscience.com/) or ProteinProspector (http://prospector
.ucsf.edu/).

RESULTS

Effects of growth rates. The growth rate of P. gingivalis was
changed in sTSB broth by controlling dilution rates at 0.05,
0.15, and 0.30 h�1, for which the OD600 values in the culture
under steady-state conditions were 1.4, 1.8, and 1.1, respec-
tively. Effects of growth rates on expression of virulence factors
were examined by SDS-PAGE. To investigate the localiza-
tion of major virulence factors, the supernatant, the enve-
lope, and whole-cell lysate fractions were used (Fig. 1). The
amount of FimA (approximately 37 kDa) forming long fim-
briae increased in the whole-cell lysate fraction as a function of
the dilution rate. The 75-kDa protein forming short fimbriae
also increased in the envelope and whole-cell fractions as the
growth rate became faster. Similar results were obtained when
dilution rates were decreased sequentially from 0.3 to 0.15 and
0.05 h�1 in reverse order (data not shown). Because estimation
of the exact amounts of FimA and the 75-kDa protein in the
CBB-stained gel was difficult because of faint bands, the
amounts of them were compared by Western blotting as de-
scribed below.

Expression of RagA and RagB in the envelope and whole-
cell fractions was decreased at higher growth rates. The
amounts of Rgps and Kgp in the envelope and whole-cell
fractions did not clearly differ at the various dilution rates;

FIG. 2. Comparison of amounts of FimA, fimbriae, and the 75-kDa protein at various growth rates by Western blotting. Blots were probed with
anti-FimA antibody (1:3,000) (A), antifimbria antibody (1:3,000) (B), or anti-75-kDa protein antibody (1:8,000) (C). Cells were grown in sTSB.
Dilution rates were set at 0.05, 0.15, and 0.30 h�1. The sample application for SDS-PAGE was essentially the same as that in Fig. 1, except that
20 �g of protein from the envelope fraction and the whole-cell lysate was used for detection of FimA and the 75-kDa protein and 30 �g was used
for detection of fimbriae. For detection of fimbriae, samples were heated at 80°C for 20 min before SDS-PAGE. Lane M, molecular mass marker;
lanes 1, 4, and 7, D � 0.05 h�1; lanes 2, 5, and 8, D � 0.15 h�1; lanes 3, 6, and 9, D � 0.30 h�1.
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however, those in the culture supernatant decreased as the
growth rate increased. OmpA-like protein levels in the enve-
lope and whole-cell fractions were almost constant, regardless
of the dilution rate. It was noteworthy that only trace amounts
of RagA, RagB, and OmpA-like proteins existed in the super-
natant fraction. The above-mentioned major protein identifi-
cation, based on mobility in SDS-PAGE, was carried out pre-
viously (41–43).

To confirm the results of SDS-PAGE, expression of major
virulence factors was examined using specific antibodies
against FimA (fimbrilin monomer), fimbriae (fimbrilin poly-
mer), the 75-kDa protein, RagA, RagB, Rgps/Kgp, and the
OmpA-like proteins (Fig. 2 and 3). Both FimA and the 75-kDa
protein in the envelope and whole-cell lysate fractions clearly
increased (more than twofold) at higher growth rates (Fig. 2A
and C). An increase of FimA was also observed in the super-
natant fraction. An antifimbria antibody was used to examine
whether FimA was polymerized to fimbriae (Fig. 2B). In this
case, samples were heated at 80°C for 20 min before SDS-
PAGE. At each growth rate, high-molecular-weight forms of
fimbriae were detected. The anti-RagA antibody revealed that
a band near 110 kDa became weak (approximately 0.5-fold)
with the increase of the growth rate, whereas a new band near

60 kDa, an apparent degraded product of RagA, became in-
tense (Fig. 3A). Reaction against anti-RagB did not change in
the envelope fraction but decreased in the whole-cell lysate
fraction (Fig. 3B). A faster growth rate had little influence on
expression of OmpA-like proteins in the envelope fraction,
although the band appeared weaker at the highest growth rate
(Fig. 3C). The amounts of Rgps and Kgp in the envelope
fraction did not change; however, membrane-bound-type Rgps
(mt-Rgps) somewhat increased at the dilution rate of 0.3 h�1

(Fig. 3D). In the whole-cell lysate and supernatant fractions,
expression of Rgps, Kgp, and mt-Rgps decreased when the
growth rate became higher. The intensities of mt-Rgps were
stronger in the envelope fraction than in the whole-cell lysate
fraction. Various mt-Rgp species having different lengths of car-
bohydrate chains, concentrated in the envelope fraction, were
detected as fused, broad bands with the highly sensitive chemilu-
minescent method.

Rgp and Kgp enzyme activities at each growth rate were
examined using specific artificial substrates. Culture fluid (con-
taining intact cells plus the supernatant fluids) and cell-free
culture supernatant in the steady state were used as samples.
Rgp and Kgp activities in the culture fluid gradually decreased
with the increase of the dilution rate (Fig. 4). Rgp and Kgp

FIG. 3. Comparison of amounts of RagA, RagB, OmpA-like proteins, and gingipains at various growth rates by Western blotting. Blots were
probed with anti-RagA antibody (1:8,000) (A), anti-RagB antibody (1:8,000) (B), anti-OmpA-like protein antibody (1:8,000) (C), or anti-Rgp/Kgp
antibody (1:2,000) (D). Cells were grown in sTSB. Dilution rates were set at 0.05, 0.15, and 0.30 h�1. The sample application was essentially the
same as that in Fig. 1 and 2, except that 20 �g of protein from the envelope fraction and the whole-cell lysate was used for detection of RagA,
RagB, and the OmpA-like proteins and 2 �g was used for detection of Rgp/Kgp. Lane M, molecular mass marker; lanes 1, 4, and 7, D � 0.05 h�1;
lanes 2, 5, and 8, D � 0.15 h�1; lanes 3, 6, and 9, D � 0.30 h�1. Arrows in panel D indicate mt-Rgps, Kgp, and Rgps from top to bottom,
respectively.

VOL. 72, 2006 P. GINGIVALIS VIRULENCE FACTORS IN A CHEMOSTAT CULTURE 3461



activities in the cell-free supernatant were more than five times
lower than those in the culture fluid, indicating that most of
their activities were associated with cells at all dilution rates.

Effects of growth medium. Continuous culture of P. gingivalis
was performed at a fixed dilution rate of 0.05 h�1 using a nutrient-
rich sTSB broth and nutrient-limited 0.3% BSA–MEM. The
OD600 values in the culture vessels under the steady-state condi-
tions were 1.4 in sTSB and 0.5 in 0.3% BSA–MEM.

Protein profiles in each fraction were compared by SDS-
PAGE (Fig. 5A). When changes in major outer membrane
proteins were examined in the envelope and whole-cell lysate
fractions, RagA and RagB decreased less than 0.5-fold in 0.3%
BSA–MEM. In contrast, clear differences were not found in
the amounts of Kgp, Rgps, and the OmpA-like proteins. These
were confirmed by Western blotting (data not shown). The
anti-FimA antibody detected a 37-kDa band in each cell frac-
tion when the nutrient-rich sTSB medium was used; however,

the band could not be detected when the nutrient-limited 0.3%
BSA–MEM was used (Fig. 5B). Similarly, the anti-75-kDa
protein antibody detected a band near 75 kDa in sTSB culture,
whereas only a faint band was detected in 0.3% BSA–MEM
culture (Fig. 5C).

Whole-cell proteins in sTSB and 0.3% BSA–MEM were
examined by 2-DE. The whole-cell samples were prepared
from equal amounts of bacterial cells. Protein spot patterns
after CBB staining are shown in Fig. 6. Generally, the number
of detectable protein spots in 0.3% BSA–MEM was smaller
than that in sTSB, and more than half of the stained spots were
less intense. To identify proteins affected by the environmental
change, major protein spots were excised and analyzed by
MALDI-TOF MS after in-gel tryptic digestion. Altered expres-
sion of the identified proteins during growth in the nutrient-
limited medium is shown in Table 1. The numbers of protein
spots in Fig. 6 correspond to those in Table 1. Several spots
remained unidentified, presumably because of strain variation
between W83 (genome sequenced) and ATCC 33277 (genome
sequence unavailable).

Effect of aeration. Continuous culture was performed in
sTSB broth at the medium dilution rate of 0.15 h�1 under
anaerobic and aerated conditions. Bacterial densities (OD600)
in the steady state were 1.8 and 1.1 under anaerobic and aer-
ated conditions, respectively.

When protein patterns of cellular components under each
condition were examined by SDS-PAGE, few differences were
observed in amounts of RagA, RagB, and the OmpA-like
proteins. Expression of Rgps and Kgp was slightly lower (ap-
proximately 0.8-fold) under the aerated conditions (Fig. 7).
Western blotting showed little difference in the amounts of
FimA and the 75-kDa protein between the two conditions
(data not shown).

Rgp activity in both the culture fluid and cell-free superna-
tant fractions under the anaerobic conditions was approxi-
mately eightfold higher than that under aeration (data not
shown). Kgp activity in the culture fluid was also approximately
8-fold higher and that in the cell-free supernatant was about
2.5-fold higher under anaerobic conditions than when aerated,
suggesting that the major proteinases could be inactivated
rather than repressed by oxygen stress.

Figure 8A shows 2-DE patterns of whole-cell proteins after
CBB staining. The intensities of many protein spots under both
conditions were almost identical or slightly decreased under the
aerobic conditions; however, several spots increased in intensity.
Three spots that significantly increased more than 2.5-fold were
chosen for further analysis by MALDI-TOF MS (Fig. 8B). The
proteins were identified as 3-oxoacyl-(acyl-carrier-protein) syn-
thase II (about 45 kDa; spot no. 17), superoxide dismutase,
Fe-Mn (about 21 kDa; spot no. 30), and alkyl hydroperoxide
reductase, C subunit (about 21 kDa; spot no. 32).

DISCUSSION

P. gingivalis is the most extensively investigated bacterium
related to periodontal disease. Many studies have been per-
formed concerning the relationship between expression of vir-
ulence factors and environmental factors using batch culture
(15, 41, 43). Previous pioneering studies (12–14, 35, 39, 40,
57–59) have reported application of continuous culture to P.

FIG. 4. Comparison of Rgp and Kgp activities at various growth
rates. (A) Rgp activity of the culture fluid and cell-free culture super-
natant; (B) Kgp activity of the culture fluid and cell-free culture su-
pernatant. Cells were grown in sTSB. Dilution rates were set at 0.05,
0.15, and 0.30 h�1. Samples recovered after reaching the steady state
were used for the enzyme assay. Duplicate enzyme assays were per-
formed independently three times. A typical result is shown.
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gingivalis. However, effects on virulence factors such as fim-
briae and major outer membrane proteins were not fully in-
vestigated.

Bacterial growth in the oral environment is much slower
than that under conventional batch culture. It was reported
that supragingival plaques rich in facultative anaerobes had a
doubling time of 1 to 66 h (corresponding to dilution rates of
0.69 to 0.01 h�1) (22). Thus, it is reasonable to speculate that
fastidious anaerobic bacteria in subgingival plaque would grow
slower than supragingival plaque bacteria. The average growth
rate of P. gingivalis in the mouth is considered to be much
slower than the value at which bacterial wash-out would occur
(36). Since the culture was washed out at the dilution rate of
0.35 h�1 in our preliminary experiment, 0.30 h�1 was consid-
ered the highest practical dilution rate, although the actual
range of the growth rate is still unknown.

SDS-PAGE and Western blotting showed that FimA and
the 75-kDa protein increased markedly in each fraction as the
dilution rate increased (Fig. 1 and 2). FimA was also shown to
exist as a form of fibrous fimbriae at all dilution rates (Fig. 2B).
When P. gingivalis grows faster, expression of fimbriae may in-
crease to attach and invade host cells; when the growth rate is
slower, P. gingivalis may have reduced production of fimbriae.
Although fimbriae are very important cellular components, high
energy consumption is required for their production.

As the growth rate became higher, expression of the RagA
protein (110 kDa) was reduced. Although an approximately
60-kDa band, an apparent degraded product of RagA, in-
creased (Fig. 1 and 3A), the sum of the 110- and 60-kDa band
intensities appeared to be reduced. Expression of RagB was
also reduced in the whole-cell lysate fraction (Fig. 1 and 3B). It
has been reported that ragA and ragB form a temperature-
regulated operon (7); thus, it was no surprise that RagA and
RagB varied simultaneously.

OmpA-like proteins were expressed in a large amount inde-
pendent of the growth rate (Fig. 1 and 3C). Since the OmpA-
like proteins possess eight-stranded �-barrels in the N-terminal
region and the peptidoglycan binding region in the C-terminal
region is similar to that of Escherichia coli OmpA, the proteins
are mainly thought to play a role in stabilization of the outer
membrane, maintaining the bacterial surface structure.

RgpA and RgpB as well as Kgp enzymes are strong trypsin-
like cysteine proteases, and they are thought to cooperate in
protein digestion for acquisition of nutrients, maturation of
FimA and the 75-kDa protein, and processing of Rgps and Kgp
themselves. Gingipains could directly disrupt periodontal tis-
sues, such as collagen and fibronectin. Disruption of immuno-
globulin, cytokines, and the complement system and inhibition
of phagocytosis in polymorphonuclear leukocytes would dis-
turb the immune system, enabling evasion of the host defense
system (27, 47). Moreover, gingipains induce apoptosis of gin-
gival fibroblasts and endothelial cells (5, 6). These functions
are implicated in development of periodontal disease. The
amounts of Rgps and Kgp were slightly reduced at the higher
growth rate (Fig. 1 and 3D), whereas their activities in culture
fluid were considerably reduced (Fig. 4). Marsh et al. reported
that the faster the growth rate, the greater the Rgp activity
(35). The reason for this discrepancy remains unclear, but it
may be related to the different bacterial strains, culture media,
and dilution rates used. It is thought that P. gingivalis will grow
at a relatively slower rate when attached to gingival epithelium
or when coexisting with various bacteria forming a biofilm.
Under these conditions, increased gingipain activity may be of
help to the invasion of cells or acquisition of nutrients. West-
ern blotting showed that a large amount of mt-Rgps existed in
the envelope fraction at a high-molecular-mass position at all
three growth rates (Fig. 3D). Although the significance of

FIG. 5. Comparison of SDS-PAGE patterns and amounts of FimA and the 75-kDa protein by Western blotting in different culture media. sTSB
was used as a nutrient-rich medium, and 0.3% BSA–MEM was the nutrient-poor medium. The dilution rate was set at 0.05 h�1. Fifty micrograms
of sample was loaded per lane. (A) Stained with CBB; (B) probed with anti-FimA antibody (1:4,000); (C) probed with anti-75-kDa protein antibody
(1:8,000). Lanes 1, 3, and 5, sTSB; lanes 2, 4, and 6, 0.3% BSA–MEM. Other symbols are the same as those indicated in Fig. 1.
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mt-Rgps is still unknown, it is not clear why mt-Rgps were
produced at a high level under all the conditions.

Since it is technically difficult to sterilize a high concentra-
tion of BSA solution by filtration, we used 0.3% BSA, a rela-
tively low concentration, in the nutrient-poor medium. Con-
tinuous culture in this medium is considered to be in keeping
with the relatively nutrient-limited condition of the oral cavity.

The amounts of RagA and RagB were lower in 0.3% BSA–
MEM than in sTSB, based on comparison of the band inten-
sities in SDS-PAGE. Nevertheless, these proteins were still
produced at high levels similar to other major proteins (Fig.
5A). Expression of Rgps, Kgp, and OmpA-like proteins was
almost unchanged in both media. Since major outer membrane
proteins, including RagA and RagB, are considered important

for maintaining bacterial cells, they would be produced in large
quantities under any circumstances.

Western blotting showed that expression of FimA and the
75-kDa protein was decreased in 0.3% BSA–MEM (Fig. 5B
and C). Since P. gingivalis is known to utilize dipeptides di-
gested from proteins with its own proteinases (62), it is possible
that production of FimA and the 75-kDa protein is negatively
regulated by a shortage of essential dipeptides. Thus, during
growth in medium containing a limited amount of peptides,
production of FimA and the 75-kDa protein decreased, sug-
gesting that a stringent control response might negatively reg-
ulate their expression.

Whole-cell components in sTSB and 0.3% BSA–MEM were
compared by 2-DE (Fig. 6; Table 1). Although samples were
prepared from the same number of cells to be compared quan-
titatively, there were fewer, less intense spots in 0.3% BSA–
MEM. Since 0.3% BSA–MEM was nutrient poor, the amount
of proteins in cells decreased. In contrast, some spots, such as
that of superoxide dismutase, Fe-Mn (spot no. 30), increased
in intensity.

Proteins were identified after peptide mass fingerprinting

TABLE 1. Proteins with altered expression during growth in
nutrient-limited medium

Spot
no.a Proteinb TIGR

locusb
Fold

changec

1 Unidentified 0.15
2 Unidentified 0.09
3 Peptidase, M16 family PG0196 1.75
4d RagA protein PG0185 0.90
5 Pyruvate phosphate dikinase PG1017 1.02
6 Translation elongation factor G PG1940 0.69
7 DnaK protein PG1208 0.77
8 Chaperonin, 60 kDa PG0520 0.41
9 Trigger factor, putative PG0762 0.80
10 4-Hydroxybutyryl-coenzyme A dehydratase PG0692 0.76
11 GTP-binding protein Era PG2142 1.31
12 Glutamate dehydrogenase, NAD specific PG1232 1.02
13 Unidentified 0.99
14 Immunoreactive 42-kDa antigen PG33 PG0694 1.61
15 Phosphoserine aminotransferase PG1278 0.88
16 D-Isomer-specific 2-hydroxy acid

dehydrogenase family protein
PG1279 0.86

17 3-Oxoacyl-(acyl carrier protein) synthase II PG1764 1.14
18e Arginine-specific cystein proteinase PG0506 1.21

Hemagglutinin protein HagE PG2024
19 Tetratrico peptide repeat domain protein PG0449 0.84
20e Arginine-specific cystein proteinase PG0506 1.12

Hemagglutinin protein HagE PG2024
21 Enolase PG1824 1.15
22 v-type ATPase, subunit B PG1804 0.32
23 Tetratrico peptide repeat domain protein PG1385 2.15
24 Hypothetical protein PG0027 0.10
25 Methionine gamma-lyase PG0343 0.95
26 Electron transfer flavoprotein, alpha subunit PG0776 0.33
27 Fructose-bisphosphate aldolase, class I PG1755 1.94
28 Electron transfer flavoprotein, beta subunit PG1077 0.54
29 Translation elongation factor Ts PG0378 1.19
30 Superoxide dismutase, Fe-Mn PG1545 3.98
31 Secretion activator protein, putative PG0293 2.63
32 Alkyl hydroperoxide reductase, C subunit PG0618 0.07

a Spot numbers are identical to those in Fig. 6.
b Annotation and locus names are from The Institute for Genomic Research

(TIGR; http://www.tigr.org/).
c Fold change was calculated as the ratio of the spot intensity of a protein

grown in the nutrient-limited medium to that of the same protein grown in the
nutrient-rich medium.

d This protein was identified by a comparison with the sequence of the RagA
region of P. gingivalis ATCC 33277 performed at the Department of Microbiol-
ogy, School of Dentistry, Aichi-Gakuin University (data not shown).

e Either protein is possible.

FIG. 6. Comparison of 2-DE patterns of the whole-cell samples
from different culture media. (A) sTSB as a nutrient-rich medium;
(B) 0.3% BSA–MEM as a nutrient-limited medium. Growth medium
was changed from sTSB to 0.3% BSA–MEM. The dilution rate was set
at 0.05 h�1. Whole-cell samples prepared from the same cell numbers,
measured on the basis of absorbance, were loaded. Gels were stained
with CBB. The numbers refer to the proteins that have been identified
(see Table 1).
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based on the database of P. gingivalis W83 on The Institute for
Genomic Research website (http://www.tigr.org/). Since we
used P. gingivalis ATCC 33277 in this study, a few spots were
unidentified (Table 1). Most of the proteins identified were pu-
tative and hypothetical proteins whose functions in P. gingivalis
are unknown. We intend to continue analysis of the protein
spots that have not yet been examined by mass spectrometry.

Expression of virulence factors in cells under the anaerobic
and aerated steady-state conditions was compared. Since the
oral cavity is directly open to the external environment, P.
gingivalis should occasionally be exposed to aerobic conditions.
It has been reported that neutrophils in saliva, but not in
peripheral blood, always produce active oxygen molecules (66).
Active oxygen molecules produced by phagocytes in gingival
epithelial cells (32) may have inhibitory effects on invading P.
gingivalis. Therefore, it is of interest to examine the reaction of
the strict anaerobe P. gingivalis to oxygen stress.

Expression of RagA, RagB, and the OmpA-like proteins did
not show much difference between the anaerobic and aerated
conditions. These major outer membrane proteins seemed to
be expressed in quantity even under unfavorable conditions,
such as aeration (Fig. 7). Expression of FimA was slightly
reduced under the aerated conditions, while that of the 75-kDa
protein was almost constant (data not shown). Thus, the aer-
ation rate used in this study (100 ml/min) had little effect on
expression of fimbriae.

When cellular proteins were compared by 2-DE, most pro-
tein spots were comparable to each other in cells under anaer-
obic and aerated conditions, though some were reduced under

aerated conditions (Fig. 8). We focused on three spots that
increased markedly, which were identified as 3-oxoacyl-(acyl-
carrier-protein) synthase II, superoxide dismutase, Fe-Mn, and
alkyl hydroperoxide reductase, C subunit. 3-Oxoacyl-(acyl-car-
rier-protein) synthase II is known as beta-ketoacyl-ACP syn-
thase II (FabF) in fatty acid biosynthesis of E. coli (10, 17, 18).
The homolog of FabF detected in P. gingivalis could be in-
volved in the mechanism that modifies the bacterial membrane
to “a state” more resistant to oxidative circumstances, although
no report indicating a relation between bacterial membrane
fluidity and air tolerance was found. There is a report that
describes morphological changes in P. gingivalis cells under
oxygen stress (12).

Superoxide dismutase (SOD) is an enzyme that converts
superoxide to hydrogen peroxide (19, 37, 38). Since oxygen
resistance in anaerobes depends on the existence of SOD,
several studies characterized SOD in P. gingivalis (3, 34, 45,
46). The present study confirmed the induction of SOD by
exposure to air (46).

Alkyl hydroperoxide reductase, C subunit (AhpC) induced
here is known to contribute to tolerance to reactive oxygen
with another F subunit (AhpF) (14, 29, 53). Their genes,
ahpCF, are organized in an operon (14, 54). AhpCF was re-
ported not only in facultative anaerobes (29, 48, 49) but also in
strict anaerobes, i.e., in Bacteroides fragilis (54), as well as P.
gingivalis (14). Although P. gingivalis does not have catalase, it
is known to be fairly aerotolerant. AhpC could contribute to

FIG. 7. Effect of aeration on SDS-PAGE pattern. Cells were grown
in sTSB at a dilution rate of 0.15 h�1. Fractions derived from cells
under anaerobic and aerobic conditions were examined by SDS-
PAGE. The samples (50 �g each) were applied onto an SDS-PAGE
gel, and the gel was stained with CBB. Lanes 1, 3, and 5, results under
anaerobic conditions; lanes 2, 4, and 6, results under aerated condi-
tions. Other symbols are the same as those indicated in Fig. 1.

FIG. 8. Effect of aeration on the 2-DE pattern of the whole-cell
sample and identification of protein spots whose amounts were in-
creased after aeration. (A) 2D-PAGE was performed using the whole-
cell samples from anaerobic and aerated conditions. Cells were grown
in sTSB at a dilution rate of 0.15 h�1. Samples were prepared from the
same cell numbers, as described for Fig. 6. After electrophoresis, gels
were stained with CBB. Numbers of protein spots were identical to
those in Fig. 6. (B) Enlarged images and identification of protein spots
which clearly increased after aeration.
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this activity together with SOD, also detected here, although
AhpF was not identified. More work is needed to identify other
components involved in oxygen tolerance.

In this study, we examined the effects of growth rate, nutri-
tion, and oxygen on the production of virulence factors in P.
gingivalis using continuous culture in a chemostat. We showed
that the amount of P. gingivalis fimbriae increased at higher
growth rates and was reduced with limited nutrients. Although
the production of specific proteins increased under oxygen
stress, the expression of major outer membrane proteins was
largely unaffected by environmental conditions. Complex fac-
tors, such as numerous bacterial species, salivary components,
and gingival exudates, exist in the oral cavity. Nevertheless, this
study provides important clues to the physiological character of
P. gingivalis. As P. gingivalis ATCC 33277 constantly produces
a large amount of fimbriae even after long successive culture,
this strain is often used for fimbrial study. So far, previous
studies reported that fimbriae were regulated by temperature
with this strain (3, 65). Thus, this is the first report showing that
the expression of fimbriae is influenced by other environmental
factors, i.e., growth rate and nutrients.
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