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Abstract
Host cell invasion by a major periodontal pathogen, Porphyromonas gingivalis, has been proposed
as an important mechanism involved in host–pathogen interactions in periodontal and
cardiovascular diseases. The present study sought to gain insight into the underlying mechanism(s)
involved in previously demonstrated fusobacterial modulation of host cell invasion by P.
gingivalis. An immortalized human gingival cell line Ca9-22 was dually infected with P.
gingivalis ATCC 33277 and Fusobacterium nucleatum TDC 100, and intracellular invasion was
assessed by scanning electron microscopy (SEM) and confocal scanning laser microscopy
(CSLM). SEM observation showed that P. gingivalis and F. nucleatum formed consortia and were
in the process of penetrating into Ca9-22 by 30–60 min after infection. In CSLM, Ca9-22 cells
that contained both P. gingivalis and F. nucleatum were frequently observed after 2 h, although
cells that contained exclusively P. gingivalis were also found. Infection by P. gingivalis and/or F.
nucleatum revealed evident colocalization with a lipid raft marker, GM1-containing membrane
microdomains. In an antibiotic protection assay, depletion of epithelial plasma membrane
cholesterol resulted in a significant reduction of recovered P. gingivalis or F. nucleatum (~33% of
untreated control; p < 0.001). This inhibition was also confirmed by CSLM. Sequential infection
experiments showed that timing of infection by each species could critically influence the invasion
profile. Co-infection with F. nucleatum significantly enhanced host cell invasion by P. gingivalis
33277, its serine phophatase SerB mutant and complemented strains, suggesting that the SerB
does not play a major role in this fusobacterial enhancement of P. gingivalis invasion. Thus, the
interaction between F. nucleatum and host cells may be important in the fusobacterial
enhancement of P. gingivalis invasion. Collectively, these results suggest that lipid raft-mediated
process is at least one of the potential mechanisms involved in fusobacterium-modulated host cell
invasion by P. gingivalis.
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1. Introduction
Periodontitis is a polymicrobial infection-driven inflammatory disease of the oral cavity,
characterized by chronicity and destruction of the tooth-supporting tissues [1].
Porphyromonas gingivalis, one of the predominant etiologic agents in periodontitis,
expresses a diverse spectrum of virulence factors. The ability to invade host cells, replicate
intracellularly and spread from cell to cell is a hallmark of virulence for many pathogenic
microorganisms [2]. Host cell invasion by P. gingivalis has been proposed as a possible
mechanism of pathogenesis in periodontal and cardiovascular diseases [3–5].

Fusobacterium nucleatum is a Gram-negative anaerobe associated with various human
infections [6]. It is ubiquitous in the oral cavity and is implicated as a causative agent in
periodontal diseases. F. nucleatum initially adheres to early colonizers such as Gram-
positive cocci, and, along with other organisms such as Strepotococcus gordonii, enhances
the adherence of other periodontopathic bacteria including P. gingivalis [7,8]. F. nucleatum
also coaggregates with a number of other microbial species in the oral cavity, thus playing a
critical role in periodontal biofilm formation. F. nucleatum also binds to and invades
different types of host cells [9,10]. Residence within host cells provides these periodontal
pathogens with a nutrient-rich, generally reducing environment that is partially protected
from the host immune system [11].

There is increasing evidence in the literature for the importance of polymicrobial infections
in which selected microorganisms interact in a synergistic or antagonistic fashion, impacting
pathogenesis of periodontal disease [12,13]. Studies have suggested that amplified virulence
may emerge during interactions between F. nucleatum and P. gingivalis [12,14]. In previous
studies, we showed that P. gingivalis invasion of host cells was enhanced by co-infection
with F. nucleatum [15,16]. However, information is still lacking on how F. nucleatum
interacts with P. gingivalis or host cells in a way that influences P. gingivalis invasion.

Formation of membrane microdomains, called lipid rafts, segregates specific molecular
effectors into functional units for efficient signaling and sorting processes [17]. Lipid rafts
act as platforms in protein sorting and signal transduction [18]. The critical role of the host
cell plasma membrane in response to pathogens was demonstrated by studies indicating that
lipid rafts are the preferred entry sites for several invasive pathogens including Salmonella,
Shigella, Listeria, Chlamydia and Campylobacter [19–23]. The lipid-raft route may afford
protection from the intracellular degradative lysosomal pathway [24]. Actin and microtubule
remodeling, the recruitment of lipid raft components, and host cell phosphorylation activities
are considered to be required for cellular invasion by P. gingivalis [3,25–27]. Traditional
studies on cellular invasion by periodontal pathogens have generally involved monocultures
of bacteria without regard for the polymicrobial nature of oral bacterial communities. Given
the importance of lipid rafts in microbe–host cell interaction and the polymicrobial nature of
periodontitis, it was of particular interest to investigate if lipid rafts are involved in a
periodontal polymicrobial interactions with epithelial cells.

SerB, a haloacid dehydrogenase family phosphoserine phosphatase enzyme is present in the
outer membrane of P. gingivalis, and contact with gingival epithelial cells induces secretion
into the extracellular milieu [28]. Cell associated and extracellular SerB impacts host cell
signal transduction pathways that control the cytoskeletal architecture, and treatment of
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epithelial cells with SerB induces actin microfilament and tubulin microtubule
rearrangements [29,30]. While SerB is important for P. gingivalis invasion and intracellular
survival, its contribution to host cell invasion in polymicrobial infection has not been
addressed.

The purpose of the present study was to gain insight into the mechanism of fusobacterium-
modulated invasion of human gingival epithelial cells by P. gingivalis. In particular, the role
of lipid rafts was investigated.

2. Materials and methods
2.1. Bacterial strains and growth conditions

P. gingivalis ATCC 33277 and P. gingivalis W83 (ATCC BAA-308), F. nucleatum TDC100
(a clinical isolate and working strain in our laboratory [15]) were routinely maintained on
tryptic soy agar (Difco Laboratories, Detroit, MI) supplemented with 10% defibrinated horse
blood, hemin (5 μg/ml) and menadione (0.5 μg/ml) at 37 °C under anaerobic conditions.

An isogenic serB-defective mutant of P. gingivalis ATCC 33277, SerB [30], and
complemented cSerB strains were maintained anaerobically at 37 °C on blood agar plates as
described previously [30].

2.2. Cells and culture conditions
An established human gingival epithelial cell line, Ca9-22, was purchased from Health
Science Research Resources Bank (Osaka, Japan). The Ca9-22 cells were maintained in
Eagle’s minimal essential medium (MEM) supplemented with glutamine (0.6 mg/ ml), heat-
inactivated 10% fetal calf serum, and gentamicin (10 μg/ ml)/amphotericin B (0.25 μg/ml)
(Cascade Biologics, Portland, OR, USA) at 37 °C in 5% CO2 in humidified air.

2.3. Scanning electron microscopy (SEM)
Semi-confluent Ca9-22 cells on 12-mm-diameter glass coverslips were cocultured with P.
gingivalis and/or F. nucleatum in MEM without antibiotics for different time period ranging
30–60 min. The multiplicity of infection (MOI) was calculated based on the number of cells
per well at confluence. We used MOI 100 for all SEM experiments. After the pre-set time,
cells were washed with phosphate buffered saline (PBS) and then fixed in 1.5%
glutaraldehyde in 0.1 M Na-cacodylate buffer (pH7.4) for 1 h. They were stained with
aqueous osmium tetroxide for 30 min, washed with distilled water, dehydrated with graded
alcohols, critical-point dried, and sputter-coated with gold by ESC-101 (ELIONIX, Tokyo,
Japan). Ca9-22 cells exposed to each bacterial strain were visualized with SEM
(JSM-6340F, JEOL, Tokyo) to directly observe bacterial interaction with host cells.

2.4. Confocal scanning laser microscopy
2.4.1. Mono- or polymicrobial infection—In order to visualize internalization of P.
gingivalis or F. nucleatum into Ca9-22, confocal scanning laser microscopy (CSLM) was
performed. A dual labeling technique, based on the method described by Inagaki et al. [31],
was used to discriminate intracellular from extracellular bacteria. Ca9-22 cells were grown
on coverslips in six-well tissue culture plates and infected with P. gingivalis or F. nucleatum
for 2 h. Cells were fixed in 4% paraformaldehyde in PBS (Wako Pure Chemical Industries,
Osaka, Japan) for 10 min. After washing three times with PBS, any excess of reactive
groups paraformaldehyde were quenched with 50 mM NH4Cl in PBS for 10 min at RT.
After washing, cells were incubated with a rabbit polyclonal anti-P. gingivalis or anti-F.
nucleatum serum diluted 1:500 in PBS–0.5% BSA for 60 min. Following incubation,
coverslips were washed three times with PBS and incubated with Alexa Fluor 488 (green
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fluorescent dye)-conjugated goat anti-rabbit immunoglobulin G (Molecular Probes, Eugene,
OR, USA) diluted 1:500 for 30 min to visualize attached bacteria. Internalized bacteria were
then stained by first permeabilizing Ca9-22 cells by dipping coverslips in 0.4% Triton
X-100 solution for 5 min, then staining with the rabbit anti-P. gingivalis antiserum or anti-F.
nucleatum antiserum followed by Alexa Fluor 568 (red fluorescent dye)-coupled goat anti-
rabbit IgG (Molecular Probes) diluted 1:500 as described above. Actin filaments were
stained with Alexa Fluor 647 (blue fluorescent dye) conjugated to phalloidin (Molecular
Probes) for 30 min according to the manufacturer’s recommendations to visualize the
cellular cytoskeleton and confirm internalization. P. gingivalis could be distinguished from
F. nucleatum on the basis of cellular morphology. Coverslips mounted in an antifading
mounting medium (VECTA-SHEILD, Vector Laboratories, Burlingame, CA, USA) were
examined by confocal scanning laser microscopy (CSLM) using an LSM5 DUO microscope
(Carl Zeiss MicroImaging, Göttingen, Germany) with a 63× oil immersion objective. A
series of 20–25 Z-stack images was scanned in increments using excitation wavelengths of
488, 561 and 633 nm. Images were analyzed using ZEN 2008 software (Carl Zeiss).

Where appropriate, Z stacks of the X–Y sections of CLSM were processed to render a three-
dimensional (3D) image using ‘Iso Surface’ function of Imaris 7.0.0 (Bitplane AG; Zurich,
Switzerland) software. Imaris ‘Spot Detection’ algorithm was applied to allow P. gingivalis
to be differentially labeled.

2.4.2. Colocalization with GM1—Confocal microscopy was also used to investigate a
possible role of lipid rafts in P. gingivalis internalization of gingival epithelial cells. Ca9-22
cells were infected with P. gingivalis or P. gingivalis with F. nucleatum (MOI = 100:1), and
infection was allowed to proceed for 15 or 30 min at 37 °C. Unattached bacteria were
removed by washing. After fixation, P. gingivalis was stained with Alexa Fluor 568 goat
anti-rabbit IgG following incubation with anti-P. gingivalis or anti-F. nucleatum polyclonal
antisera. A lipid raft marker, GM1 ganglioside, was stained with Alexa Fluor 647-labeled
cholera toxin subunit B (20 μg/ml, Molecular Probes) for 30 min. The cells were imaged as
above, and colocalization of bacteria with GM1 was assessed using Imaris ‘Coloc’ function.

2.4.3. Sequential infection of F. nucleatum and P. gingivalis—For sequential
infection experiments, Ca9-22 cells were initially infected by F. nucleatum for 1 h, and then
P. gingivalis was added and further incubated for 1 h. To analyze invasion profile, a Z-series
with 0.3-μm intervals was scanned and images of the X–Z and Y–Z planes were
reconstructed with the orthogonal section tool of the Zen 2008 software. To quantify
internalized P. gingivalis or F. nucleatum by CSLM, intracellular bacteria were counted
manually. At least five fields and ~200 cells were analyzed for each experiment, and three
independent experiments were done. The results were normalized by the control
experiments.

2.5. Manipulation of plasma membrane cholesterol
To test the effect of pre-treatment by specific lipid raft disrupter on bacterial invasion,
Ca9-22 cells were incubated with 10 mM methyl-β-cyclodextrin (MβCD, Sigma–Aldrich,
St. Lois, MO) for 30 min at 37 °C, prior to infection and throughout the period of infection.

2.6. Antibiotic protection assay
Invasion of bacteria was quantitated by a standard antibiotic protection assay as described
previously [3]. Briefly, epithelial cells were seeded in 12-well flat-bottom culture plates at a
cell density of 2.0 × 105 cells per well. Prior to infection, the cells were washed twice with
PBS and incubated further 2 h in MEM without antibiotics. The bacteria were harvested by
centrifugation, washed with PBS, and resuspended in MEM at desired concentrations. The
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bacterial suspensions were added to confluent Ca9-22 monolayers and incubated at 37 °C in
5% CO2 for 2 h. After incubation, unattached bacteria were removed following washing of
the monolayers three times with PBS. External adherent cells were then killed by incubating
the infected monolayers with MEM containing 200 μg/ml of metronizazole and 300 μg/ml
of gentamicin for 1 h. After exposure to antibiotic, monolayers were washed twice with
PBS, and lysed in 1 ml of sterile distilled water per well. Cells were incubated for 30 min,
during which they were disrupted by repeated pipetting. Lysates were serially diluted and
plated on blood agar plates supplemented with hemin and menadione, and incubated
anaerobically at 37 °C for 10 days. Colony forming units of invasive organisms were then
enumerated. Invasion efficiency was expressed as the percentage of the initial inoculum
recovered after antibiotic treatment and Ca9-22 lysis. P. gingivalis and F. nucleatum are
distinguishable by color and morphology of their colonies.

In our previous experiments, we found that there was a modest increase in the invasion
efficiencies of P. gingivalis with increasing MOI. Invasion reached a plateau at about 100
MOI [15]. Thus, we used MOI of 100 in all subsequent experiments.

Polymicrobial infection of Ca9-22 cells was performed as described previously [15,16].
Briefly, polymicrobial inocula were prepared by mixing equal volumes (1 × 107 cells per
well) of bacterial suspensions and were incubated for 5 min at RT prior to initiating the
infection. For the monomicrobial control infection, bacterial suspensions were mixed with
an equal volume of MEM.

2.7. Data and statistical analyses
All experiments were performed in duplicate or triplicate for each condition and repeated at
least three times. Statistical comparisons were performed using a software package (InStat
3.0, GraphPad Software, La Jolla, CA, USA). P-values less than 0.05 were considered
statistically significant.

3. Results
3.1. Interaction of P. gingivalis and F. nucleatum with gingival epithelial cells

SEM revealed P. gingivalis and F. nucleatum adhering to the surface of Ca9-22 cells after
30–60 min co-infection. P. gingivalis and F. nucleatum consortia partially penetrating the
host cell surface were also observed (Fig. 1). F. nucleatum appeared to invade Ca9-22 cells
in a polar manner (Fig. 1c, d), rather than along the length of the bacterium. Although P.
gingivalis was often closely associated with F. nucleatum, some P. gingivalis cells were
independently located in close proximity to the entry site of F. nucleatum (Fig. 1e).

Internalization of P. gingivalis and F. nucleatum was also confirmed by CSLM using dual
labeling technique. It was commonly observed that Ca9-22 cells contained both P. gingivalis
and F. nucleatum (Fig. 2). This co-internalization was even more pronounced with P.
gingivalis W83 (data not shown). However, in case of co-infection with P. gingivalis 33277,
some of the host cells solely contained P. gingivalis.

3.2. Colocalization of P. gingivalis and F. nucleatum with lipid rafts
P. gingivalis or F. nucleatum (appearing green) attached to Ca9-22 cells, and revealed
evident colocalization between GM1-containing membrane microdomains (red) and bacteria
(yellow) (Fig. 3). We found that approximately 60% of P. gingivalis and/or F. nucleatum
colocalized with GM1. This was the case in almost all the ~20 fields analyzed in three
independent experiments.
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Some bacteria showed no apparent colocalization with GM1, suggesting that gingival
epithelial cell – P. gingivalis and F. nucleatum interactions may also involve non-raft
membrane regions.

3.3. Effect of cholesterol depletion on the bacterial invasion
In order to further assess the involvement of lipid rafts in P. gingivalis invasion in co-
infection with F. nucleatum, methyl-beta-cyclodextrin (MβCD)was used to deplete Ca9-22
cells of cholesterol and disrupt lipid rafts. MβCD-treated, MβCD-untreated cells were then
infected with P. gingivalis and/or F. nucleatum (MOI = 100:1) and viable internalized
bacteria (colony forming units, CFU) were enumerated using an antibiotic protection-based
recovery assay. With MβCD treatment, P. gingivalis or F. nucleatum CFU recovered was
reduced to 13–33% of untreated control (Table 1). The MβCD treatment did not
significantly affect the cell viability.

These results correlated with CSLM observations; pre-treatment of Ca9-22 cells
significantly abrogated bacterial internalization in monomicrobial infections (Fig. 4a–d) and
in dual-infections (Fig. 4e, f).

3.4. Effect of F. nucleatum pre-incubation on P. gingivalis invasion
To assess the effect of F. nucleatum pre-incubation on P. gingivalis invasion, Ca9-22 cells
were sequentially infected by each species and examined by CSLM. In contrast to
simultaneous infection (Fig. 5a, b), pre-infection of Ca9-22 with F. nucleatum TDC 100
resulted in approximately 80% reduction in P. gingivalis invasion (Fig. 5c, d). In this case,
the intracellular bacteria were predominantly F. nucleatum.

3.5. Effect of P. gingivalis SerB on dual infection
In order to test the effect of a key effector of P. gingivalis on dual infection, an antibiotic
protection assay was performed using the SerB mutant and complemented strains of P.
gingivalis 33277 [30]. The invasion efficiency for P. gingivalis SerB mutant strain was
approximately 40% of that for P. gingivalis wild type strain (Fig. 6a).

In a dual infection experiment, co-infection with F. nucleatum TDC100 significantly
enhanced host cell invasion by P. gingivalis 33277, its SerB mutant and complemented
strains (Fig. 6b).

4. Discussion
In order to gain insight into interactions between periodontal pathogens and host cells, we
set out to investigate the host cell invasion by P. gingivalis in prototype polymicrobial
consortia. Previous studies from our laboratory showed that F. nucleatum enhances P.
gingivalis invasion of human gingival epithelial and aortic endothelial cells [15,16]. In this
study, we further examined the underlying mechanism(s) involved in modulation by looking
specifically at the role of membrane microdomains. Here we demonstrate that a lipid raft-
dependent mechanism is involved in fusobacterium-modulated P. gingivalis internalization
into gingival epithelial cells.

There are at least two advantages to bacterial entry through lipid rafts: avoidance of the
intracellular degradative pathway, which would lead to disintegration of bacteria, and
triggering of the cell signaling that leads to membrane ruffling and rearrangement of the
cytoskeleton, which are both required for entry of bacteria [32]. P. gingivalis utilizes actin
and microtubule remodeling, the recruitment of lipid raft components, and host cell
phosphorylation activity for cellular invasion [3,26,27,32,33]. Once inside the cell, P.
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gingivalis evades lysosomes and survives in the cytoplasm, where it remains viable for
extended periods of time and even replicates [3,34,35]. P. gingivalis may co-operate with F.
nucleatum for more efficient entry into host cells, and lipid rafts play an important role in
this interaction, although intracellular fate of P. gingivalis involved in polymicrobial
infection remains to be investigated. In CSLM experiments, some bacteria did not show any
colocalization with GM1 containing microdomains. Moreover, the treatment with MβCD, a
drug that sequesters membrane cholesterol and disrupts lipid rafts, did not completely
abrogate the bacterial internalization in the antibiotic protection assay. It is important to note
that MβCD has pleiotropic effects; the treatment may also affect non-raft-associated proteins
as a result of the presence of cholesterol in non-raft domains [36,37]. It is difficult to draw a
definite conclusion since we did not assess the efficiency of cholesterol depletion in the
present experiment. However, taken together, these data suggest that the gingival epithelial
cell – P. gingivalis and F. nucleatum interactions may also involve non-raft membrane
regions.

Our SEM observation showed multiple F. nucleatum with adherent P. gingivalis cells in the
process of host cell penetration. This may suggest that enhanced P. gingivalis internalization
occur via adhesion to invading F. nucleatum. The ability of F. nucleatum to directly
transport other bacteria into oral epithelial cells has been shown in a previous study [38]. In
case of enteropathogens, Campylobacter jejuni was shown to promote the internalization of
non-invasive bacteria into enterocytes via a lipid raft-mediated transcellular process [39].
However, in this case, it was suggested that Campylobacter did not directly ‘shuttle’ non-
invasive bacteria into the host cells. In our CSLM experiments, it was often observed that
Ca9-22 cells contained both P. gingivalis and F. nucleatum (Fig. 2). This co-internalization
was even more pronounced with P. gingivalis W83 (data not shown). We have previously
reported that co-infection with F. nucleatum strains resulted in 2–10-fold increase in
invasion of host cells by P. gingivalis W83, which is minimally invasive in monomicrobial
infection [15]. However, in case of co-infection with P. gingivalis 33277, some of the host
cells contained P. gingivalis exclusively. Also, in the SEM observation, some P. gingivalis
cells were independently located in close proximity to the entry site of F. nucleatum. At this
time, we cannot precisely determine whether F. nucleatum internalization is a perquisite for
enhanced P. gingivalis internalization. It is possible that mechanism(s) involved in
fusobacterial enhancement of host cell invasion is different for these two species.

F. nucleatum was shown to invade human oral epithelial cells via a “zipper” mechanism and
require the involvement of actins, microtubules, signal transduction, protein synthesis, and
energy metabolism of the epithelial cell, as well as protein synthesis by F. nucleatum [9].
We reasoned that, if invasion mechanism(s) exploited by F. nucleatum is different from that
of P. gingivalis, preincubation of F. nucleatum would possibly interfere with that process.
To test that possibility, Ca9-22 cells were preincubated with F. nucleatum 1 h, followed by
co-incubation with P. gingivalis for another hour. The Ca9-22 cells were then processed for
visualization by confocal microscopy. Compared to the controls simultaneously incubated
with P. gingivalis and F. nucleatum, preincubation with F. nucleatum inhibited P. gingivalis
invasion by ~80%. This suggested that a strategy for cellular invasion utilized by F.
nucleatum is different from that by P. gingivalis. Predominant F. nucleatum entry may turn
off the signals needed for subsequent P. gingivalis entry.

The P. gingivalis serine phosphatase, SerB, is involved in internalization and survival in
gingival epithelial cells [28,30]. SerB is functional within epithelial cells, interacting with
cytoplasmic GAPDH and HSP90, and modulating microtubule dynamics. SerB also
regulates the dynamics of the actin cytoskeleton and inhibits the production of IL-8 [29].
Given the importance of SerB in P. gingivalis-host cell interaction, it was of interest to
delineate the role of SerB in the fusobacterial enhancement of P. gingivalis invasion. In an
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antibiotic protection assay, co-infection with F. nucleatum TDC 100 significantly enhanced
host cell invasion by P. gingivalis 33277, its SerB mutant and complemented strains. These
results suggested that the P. gingivalis serine phosphatase, SerB, does not play a major role
in this fusobacterial enhancement of P. gingivalis invasion. Possible role of P. gingivalis
FimA remains to be investigated.

It is possible that the interaction between F. nucleatum and host cells plays an important role
in the fusobacterial enhancement of P. gingivalis invasion. The question still remains as to
which factor(s) of F. nucleatum is responsible for this modulation. Our previous experiments
using metabolic inhibitors and antisera revealed that the invasion profile is different between
mono-infection and polyinfection [15]. We also suggested that physical interactions between
the co-infectants and/or the host cells are necessary, since co-incubation with methanol-
fixed or heat-killed F. nucleatum appeared to partially enhance the P. gingivalis invasion
[16]. It was postulated that F. nucleatum may possess lectin-like and nonlectin-like
adhesions for binding to various partners [40–43]. Several putative adhesion molecules have
been suggested for F. nucleatum for involvement in binding to other microbial species
[6,42,44–48]. Further studies are necessary to clarify the mechanism(s) by which F.
nucleatum modulates P. gingivalis invasion of host cells.

In summary, we conclude that a lipid raft-dependent entry platform is at least one of the
potential mechanisms involved in fusobacterium-modulated P. gingivalis internalization into
gingival epithelial cells. This study increases our understanding of intracellular invasion
strategies utilized by selected periodontal pathogens and gives new insight into intricate and
significant interactions that take place between microbial species as they coexist in the host
and during the infectious processes.
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Fig. 1.
(a) and (b) SEM of control uninfected Ca9-22 cells demonstrated that cellular projections
(surface roughness) were not due to the presence of bacteria. ×5000 and ×10,000. (c) Ca9-22
co-infected with P. gingivalis ATCC 33277 and F. nucleatum TDC 100 for 1 h. P. gingivalis
and F. nucleatum were commonly forming consortia and appear to be penetrating into the
host cell. ×10,000 (d) Enlarged view; membrane blebbing was observed (arrow). (e) Near
the entry site of F. nucleatum–P. gingivalis consortia, independent P. gingivalis (arrow) was
observed.
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Fig. 2.
(a) Invasion of P. gingivalis or F. nucleatum into gingival epithelial cells. Z stacks of the X–
Y sections of CSLM were processed to render a 3D image using ‘Iso Surface’ functions of
Imaris 7.0.0 software. Internalized P. gingivalis ATCC 33277 and F. nucleatum TDC 100
(shown as longer, fusiform shape) were stained red, while extracellular bacteria were shown
green-yellow. Anti-P. gingivalis and anti-F. nucleatum antisera were used. ‘Spot Detection’
algorithm of Imaris software was used to further differentiate P. gingivalis from F.
nucleatum. The host cell cytoskeleton stained with phalloidin appeared blue. (b) Enlarged
view. (For interpretation of color referred in this figure legend, the reader is referred to web
version of the article.)
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Fig. 3.
P. gingivalis and F. nucleatum colocalizes with lipid rafts. Ca9-22 cells, cultured on glass
coverslips, were exposed to P. gingivalis ATCC 33277 and F. nucleatum TDC 100 (MOI =
100:1). Dual species infection was allowed to proceed for 15 min and unattached bacteria
were removed by washing, followed by cell fixation and staining for bacteria (anti-P.
gingivalis and anti-F. nucleatum antibodies + Alexa Fluor 488- conjugated goat anti-rabbit
IgG; green), and GM1 (lipid raft marker) with Alexa Fluor 594-labeled CTB (red). CSLM
revealed apparent colocalization between P. gingivalis and F. nucleatum (appearing yellow)
and GM1-containing membrane microdomains (red). DAPI (Blue). Bar = 5 μm.
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Fig. 4.
Effect of cholesterol depletion on the bacterial invasion assessed by CSLM. Ca9-22 cells
were incubated with DMSO (control) or 10 mM methyl-beta-cyclodextrin (MβCD) or for 30
min at 37 °C, prior to infection. (a) P. gingivalis 33277 control, (b) P. gingivalis + MβCD,
(c) F. nucleatum TDC 100 control, (d) F. nucleatum TDC 100 + MβCD, (e) P. gingivalis +
F. nucleatum control, (f) P. gingivalis + F. nucleatum + MβCD. Bar = 10 μm. Internalized
bacteria were stained red, while extracellular bacteria were shown green-yellow. For dual-
infection, anti-P. gingivalis and anti-F. nucleatum antisera were used. The host cell
cytoskeleton stained with phalloidin appeared blue. (For interpretation of color referred in
this figure legend, the reader is referred to web version of the article.)
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Fig. 5.
Effect of F. nucleatum internalization on P. gingivalis invasion. (a) Ca9-22 cells were co-
infected with F. nucleatum TDC 100 and P. gingivalis 33277 for 2 h. It was common to find
both P. gingivalis and F. nucleatum intracellulary, but some cells exclusively contained P.
gingivalis (data not shown). Internalized bacteria were stained red, while extracellular
bacteria were shown green-yellow. The host cell cytoskeleton stained with phalloidin
appeared blue. (b) Quantification of intracellular bacteria. Pg: P. gingivalis 33277, Fn: F.
nucleatum TDC 100. Values are shown as means ± standard deviations. At least five fields
and ~200 cells were analyzed for each experiment, and three independent experiments were
done. Statistical significance between invasion levels was measured by using Mann–
Whitney U test. *p < 0.05. (c) Ca9-22 cells were first infected with F. nucleatum TDC 100
for 1 h, then P. gingivalis 33277 was added and further incubated for another hour. In this
sequential infection experiment, intracellular bacteria were predominantly F. nucleatum.
Internalized bacteria were stained red, while extracellular bacteria were shown green-
yellow. Anti-P. gingivalis and anti-F. nucleatum antisera were used. The host cell
cytoskeleton stained with phalloidin appeared blue. (d) Quantification of intracellular
bacteria. Values are shown as means ± standard deviations. *p < 0.05. (For interpretation of
color referred in this figure legend, the reader is referred to web version of the article.)
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Fig. 6.
(a) Invasion of gingival epithelial cells (Ca9-22) by P. gingivalis 33277 wild type strain, its
isogenic SerB mutant and complemented strains. Statistical significance between invasion
levels was measured by using Mann–Whitney U test. *p < 0.05. Pg WT: P. gingivalis
33277, Pg SerB-: P. gingivalis SerB mutant, Pg cSerB: Complemented SerB mutant. (b)
Effect of co-infection with F. nucleatum on invasion of gingival epithelial cells by P.
gingivalis 33277, its isogenic mutant and complemented strains. Statistical significance
between invasion levels was measured by using Kruskal–Wallis test with Dunn’s multiple
comparisons test. *p < 0.001. Fn: F. nucleatum TDC 100.
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Table 1

Effect of MβCD on bacterial invasion of Ca9-22.

Infection Invasion of Ca9-22 (% of untreated control)

Mono-infection

 P. gingivalis 33.4 ± 18.4*

 F. nucleatum 13.3 ± 14.5*

Dual-infection

 P. gingivalis 14.4 ± 11.4*

 F. nucleatum 27.2 ± 15.9*

Ca9-22 cells were infected by P. gingivalis 33277 and/or F. nucleatum TDC 100 for 2 h in vitro. An antibiotic protection assay was used to
quantify intracellular bacteria. In order to disrupt lipid rafts, cells were pretreated for 30 min with 10 mM MβCD. Values given as means ±
standard deviations of triplicate independent determinations from a typical experiment.

*
Statistically significantly different from untreated control (p < 0.001) by ANOVA with Bonferroni multiple comparisons test.
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