




fimbriae was performed as previously described (18). For neg-
ative staining, bacteria were applied to Formvar- and carbon-
coated grids and then air dried. The cells were then negatively
stained with 2% uranyl acetate in dH2O. Sections were exam-
ined by transmission electron microscopy (TEM) with a Zeiss
CEM 902 electron microscope. TEM was also performed on
designated samples to confirm adherence to epithelial cells and
internalization within epithelial cells. KB cells were cultured in
24-well plates and treated as described for the invasion exper-
iments, with the following modifications. Following a 4-h incuba-
tion with bacteria, monolayers were washed four times in PBS
and detached from the plastic surface with dH2O. The cell slurry
was then immediately centrifuged for 4 min at 15,000 3 g.
Fixation of the pellet was performed by addition of 2.5% glu-
taraldehyde in 0.05 M sodium cacodylate to the cell suspension
for 2 h. Cells were pelleted and postfixed in 1% OsO4 in 0.1 M
sodium cacodylate for 3 min. After postfixation the ultrathin
sections were contrasted with lead citrate and uranyl acetate
before examination by TEM. For scanning electron micros-
copy, human gingival epithelial layers (Ca9-22) (11) cultured
on round glass slides were incubated for 60 min with P. gingi-
valis 33277 or MPG1. Bacterial cells attached to human gingi-
val epithelial cells were observed with a scanning electron
microscope (Nippon Denshi Co.).
As seen previously (27), P. gingivalis 381 cultures were elec-

tron dense and produced long, slender fimbriae (ca. 15 nm in
diameter) easily seen in negatively stained preparations (Fig.
1A). By contrast, we did not detect these long fimbriae on the
surface of the corresponding P. gingivalis fimA mutant, DPG3
(Fig. 1B), indicating that the insertion mutation in DPG3
blocked fimbrial production. Expression of long fimbrial struc-
tures from the surface of the P. gingivalis wild-type strain 33277
has been demonstrated previously (11). These structures were
not observed in the corresponding fimA mutant, MPG1 (14).
Previous electron microscopic analysis has also demonstrated
that the cell envelopes of DPG3 and MPG1 appeared typical
for gram-negative bacteria and were not significantly different
from the ultrastructures of wild-type strains (11, 18).
We also examined the nature of the interaction of P. gingi-

valis with epithelial cells by electron microscopy. In epithelial
cells infected with the P. gingivalis wild-type strain 381, we
observed microvilli surrounding bacteria which appeared inti-
mately associated with the epithelial cell surface (Fig. 2A).
Close examination of micrographs of KB cells infected with the
wild-type strain 381 revealed the engulfment of bacteria by
microvilli (Fig. 2B); this process may represent the initial for-
mation of a cytoplasmic vacuole. In contrast to our observa-
tions with the P. gingivalis wild-type strain 381, we did not
detect attachment of the corresponding fimA mutant, DPG3,
to the epithelial cell surface (Fig. 2C). Similar to the results
obtained with DPG3 in transmission electron micrographs, we
found that the 33277 fimA mutant MPG1 was not associated
with the oral epithelial cell surface (data not shown). We also
examined the interactions of P. gingivalis 33277 and MPG1
with human gingival epithelial cells by scanning electron mi-
croscopy. As seen in Fig. 3A, numerous bacteria were observed
to be attached to epithelial cells following infection with the
wild-type strain 33277. In contrast, few bacteria were observed
following infection with the 33277 fimA mutant MPG1 (Fig.
3B).
Concluding remarks. In this study we have confirmed a role

for the major fimbriae in the adherence to and invasion of oral
epithelial cells by P. gingivalis. Our results are in agreement
with those of studies recently reported by Weinberg et al. (30)
on the involvement of the P. gingivalis major fimbriae in the
invasion of normal human gingival epithelial cells. In our study

we found that incubation of P. gingivalis with antisera raised to
the major fimbriae prior to infection of epithelial cells resulted
in the complete inhibition of adherence to these cells. In ad-
dition, adherence to and invasion of oral epithelial cells was
not detected with the fimA knockout strains DPG3 and MPG1.
Electron microscopic analysis confirmed the intimate interac-
tion of the P. gingivalis wild-type strains with the epithelial cell
surface. The interactions of P. gingivalis with epithelial cells
appears to involve at least a two-stage process of initial and
intimate attachment to the epithelial cell. The initial attach-
ment appears to be mediated by the major fimbriae; this is
followed by intimate attachment to the surface of the epithelial
cell and the engulfment of bacteria. Our recent results indicate
that cytoskeletal rearrangements as well as calcium signals are
induced following invasion of epithelial cells by P. gingivalis (7).
If invasion of P. gingivalis follows a similar pathway as that
observed for enteropathogenic Escherichia coli (3, 14, 19, 26),
the P. gingivalis major fimbriae may be required for the initial

FIG. 1. Transmission electron micrographs of P. gingivalis 381 and DPG3.
Samples were prepared by negative staining with uranyl acetate. (A) P. gingivalis
381 had numerous thin, long fimbriae on its surface. Magnification,345,500. (B)
DPG3 did not possess these thin, long fimbriae. Magnification, 327,300.
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association of P. gingivalis with epithelial cells. The lack of
initial association with the epithelial cells, as observed with
fimA mutants, would preclude the next stage of intimate at-
tachment.
Other molecules in addition to fimbriae may be required for

the adherence of P. gingivalis to epithelial cells. For example, it
is well documented that the production of a polysaccharide
capsule may interfere with the initial attachment of bacteria to
epithelial cells. In Neisseria meningitidis acapsulate bacteria are
more adhesive than capsulate bacteria, and the capsule ap-
pears to modulate the function not only of outer membrane

opacity proteins but also of pilus-dependent interactions (29).
Whether the partial inhibitory effect of the capsule on pilus-
dependent adhesion is due to partial masking of adhesive li-
gands that may be present along the length of the pili or
whether it is a generalized charge-mediated phenomenon, or
both, remains to be determined. It has also been demonstrated
that polysaccharide capsule-deficient mutants of Haemophilus
influenzae type b exhibit enhanced adherence to and invasion
of human cells (28). High-molecular-weight proteins appear to
mediate the attachment of H. influenzae to human epithelial
cells, and thus the production of a polysaccharide capsule may
mask the surface exposure of these proteins. The differences
observed in our studies in the adherence and invasion efficien-

FIG. 2. Transmission electron micrographs of KB monolayers infected with
P. gingivalis 381 and DPG3. (A) Intimate interaction of P. gingivalis 381 with the
epithelial cell surface. Magnification, 345,000. (B) Engulfment of P. gingivalis
381 by the epithelial cell. Magnification, 360,000. (C) Absence of intimate
interaction of P. gingivalis DPG3 with the epithelial cell surface. Magnification,
345,000.

FIG. 3. Adherence of P. gingivalis to human gingival epithelial cells. Human
gingival epithelial cells were incubated with P. gingivalis 33277 or MPG1 and
examined by scanning electron microscopy. (A) P. gingivalis 33277 adhering to
epithelial cell with numerous microvilli present. (B) P. gingivalis MPG1. Few
bacteria or microvilli are present. (C) Uninfected epithelial cell. Bars, 1.0 mm.
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cies for different wild-type P. gingivalis strains may reflect the
differences in other cell surface proteins and/or the production
of a capsule. The polysaccharide capsule may serve to mask the
major fimbriae, resulting in a lack of intimate attachment to
the epithelial cell surface. It is clear, however, that fimbriae
mediate adherence of P. gingivalis to epithelial cells, and this
adherence may be modified by other cell surface molecules.
Short structures representing a second type of fimbria have

recently been observed on the surface of the P. gingivalis 33277
fimAmutant MPG1 (10). Subsequent purification of the minor
fimbriae has confirmed these structures to be composed of a
67-kDa protein (10). The specific role of these minor fimbriae
in the interactions of P. gingivalis with host cells has not been
defined. Although the fimA mutant MPG1 produces these
minor fimbriae, our results indicate that P. gingivalis MPG1 is
a poor invader of KB cells. In addition, the lack of microvillus
involvement on the epithelial cell surface following infection
with MPG1 suggests that the expression of the minor fimbriae,
in the absence of the expression of the major fimbriae, does not
enable P. gingivalis to interact with and invade epithelial cells.
Recent reports by Madianos et al. (17) and by Lamont et al.

(15) have confirmed the ability of P. gingivalis to replicate
within primary gingival epithelial cells. In addition, P. gingivalis
has been shown to advance into deeper epithelial layers (22,
23). These observations indicate that P. gingivalis has evolved
mechanisms for survival within epithelial cells, resulting in the
subversion of the host immune response. The results presented
here indicate that the P. gingivalis major fimbriae are required
for the initial attachment of P. gingivalis to oral epithelial cells
and subsequent invasion. Ongoing studies on the cytoskeletal
rearrangements induced following P. gingivalis invasion should
enable us to further define the role of the major fimbriae as
well as the roles of other surface molecules in the host signal-
ing process.
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