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Periodontitis is a significant problem in companion animals, and yet little is known about the disease-associated microbi-
ota. A major virulence factor for the human periodontal pathogen Porphyromonas gingivalis is the lysyl- and arginyl-
specific proteolytic activity of the gingipains. We screened several Porphyromonas species isolated from companion
animals—P. asaccharolytica, P. circumdentaria, P. endodontalis, P. levii, P. gulae, P. macacae, P. catoniae, and P. salivosa—for
Lys- and Arg-specific proteolytic activity and compared the epithelial and macrophage responses and induction of alveolar
bone resorption of the protease active species to that of Porphyromonas gingivalis. Only P. gulae exhibited Lys-and Arg-spe-
cific proteolytic activity. The genes encoding the gingipains (RgpA/B and Kgp) were identified in the P. gulae strain ATCC
51700 and all publicly available 12 draft genomes of P. gulae strains. P. gulae ATCC 51700 induced levels of alveolar bone
resorption in an animal model of periodontitis similar to those in P. gingivalis W50 and exhibited a higher capacity for au-
toaggregation and binding to oral epithelial cells with induction of apoptosis. Macrophages (RAW 264.7) were found to
phagocytose P. gulae ATCC 51700 and the fimbriated P. gingivalis ATCC 33277 at similar levels. In response to P. gulae
ATCC 51700, macrophages secreted higher levels of cytokines than those induced by P. gingivalis ATCC 33277 but lower than
those induced by P. gingivalis W50, except for the interleukin-6 response. Our results indicate that P. gulae exhibits virulence
characteristics similar to those of the human periodontal pathogen P. gingivalis and therefore may play a key role in the
development of periodontitis in companion animals.

Periodontitis is well known to occur in companion animals,
particularly in dogs (1). The prevalence and severity of the

disease increase with age (1). Chronic periodontitis, as diagnosed
by increased periodontal pocket depth and/or gingival recession
(1), has been shown to be present in 82% of dogs aged 6 to 8 years
and in 96% of dogs aged 12 to 14 years (2). Black-pigmented
anaerobic bacteria are commonly isolated from the periodontal
pockets of dogs (3–5), with many of the isolates being identified as
Porphyromonas species: P. asaccharolytica, P. circumdentaria, P.
endodontalis, P. levii, P. gulae, P. macacae, P. catoniae, and P. sali-
vosa. Of these species, Porphyromonas gulae has been found to be
the predominant species (6). In humans, chronic periodontitis is
an inflammatory disease of the supporting tissues of the teeth,
which results in the destruction of the alveolar bone and the sup-
porting tissue (7). It has been estimated to affect up to 25% of the
dentate population, with severe forms affecting 5 to 6% and prev-
alence increasing with age (8, 9). Although the etiology of chronic
periodontitis is multifactorial, evidence suggests that the levels of
specific Gram-negative, anaerobic, black-pigmented bacteria in
the subgingival plaque biofilm play a major role in the pathogen-
esis of human disease (10). Of these bacteria, Porphyromonas gin-
givalis has been implicated as a major etiological agent (11) now
described as a “keystone pathogen” (12).

To date, the majority of work on P. gulae has focused on de-
scribing the bacterium as part of the dog oral microbiome associ-
ated with periodontitis rather than investigating its virulence
characteristics. P. gulae is an obligate anaerobe that is a non-spore-
forming, nonmotile, Gram-negative coccobacillus (13). It has
been isolated from various mammals, including the common hu-
man companions cats and dogs (13). P. gulae is rarely isolated
from healthy animals but is commonly isolated from animals with

active periodontitis (14, 15) and is rarely found in humans (16). P.
gulae has been reported to have fimbrial proteins (FimA) that are
similar to the FimA proteins of P. gingivalis (17). Two forms of
FimA (types A and B) that may confer virulence have been iden-
tified, with type B inducing greater systemic inflammation in a
mouse abscess model (18). Mouse models have been used to ex-
amine the pathology of P. gulae oral infection and to determine
the efficacy of inactivated whole-cell vaccines (19). Mice orally
inoculated with P. gulae generate a bacterium-specific IgG re-
sponse and develop alveolar bone resorption similar to that re-
ported for P. gingivalis (20, 21). Subcutaneous injection of an in-
activated whole-cell P. gulae vaccine was found to ameliorate
alveolar bone resorption (19, 22), and this work formed the basis
of a companion animal vaccine for periodontitis. However, this
whole-cell vaccine, marketed by Pfizer, has been discontinued
(23).
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Given the high incidence of periodontal disease in companion
animals and the emerging data that link P. gulae to disease, very
little research has been conducted on this bacterium and its viru-
lence characteristics. In order to understand the disease process in
animals, key virulence factors should be identified and the inter-
action of the bacterium with the host characterized. In this study,
we examined companion animal periodontitis-associated bacteria
for proteolytic activity, a known virulence factor for the human
periodontal pathogen P. gingivalis (24), and characterized the in-
teraction of P. gulae with oral epithelial cells and innate immune
cells.

MATERIALS AND METHODS
Bacterial strains and growth conditions. Porphyromonas gulae (ATCC
51700) and P. endodontalis (ATCC 35406) were grown in batch culture in
Todd-Hewitt broth (36.4 g/liter; Oxoid, Hampshire, England) supple-
mented with cysteine (1 g/liter; Sigma-Aldrich, New South Wales, Aus-
tralia), hemin (5 mg/liter; Sigma-Aldrich), and menadione (1 mg/liter;
Sigma-Aldrich). P. asaccharolytica (ATCC 27067), P. catoniae (ATCC
51270), P. circumdentaria (ATCC 51356), P. levii (ATCC 29147), P. maca-
cae (ATCC 33141), and P. salivosa (ATCC 49407) were grown in batch
culture in brain heart infusion medium (37.0 g/liter; Oxoid) supple-
mented with cysteine (1 g/liter; Sigma-Aldrich), hemin (5 mg/liter; Sig-
ma-Aldrich), and menadione (1 mg/liter; Sigma-Aldrich). Porphyromo-
nas gingivalis W50 and ATCC 33277 were grown and harvested as
previously described (25). Cultures were grown in an MK3 anaerobic
workstation (Don Whitley Scientific, New South Wales, Australia) at 37°C
with a gas composition of 5% H2 and 10% CO2 in N2 for 24 to 48 h. All
bacteria were harvested during the late exponential phase, as determined
by growth curve, and the optical density was measured at 650 nm using a
spectrophotometer (Varian model Cary 50; Bio UV/Spectrophotometer,
California). Bacterial concentrations were determined using a live/dead
fluorescence system. The green fluorescent DNA dye Syto9 (Life Sciences
Pty, Ltd., New South Wales, Australia) was used in conjunction with pro-
pidium iodide (PI; Life Sciences) to determine viable bacteria, which were
counted on a Cell Lab Quanta SC flow cytometer (Beckman Coulter, Inc.,
New South Wales, Australia). The Quanta SC is equipped with an argon
ion laser operating at an excitation wavelength of 488 nm with green
fluorescence measured through a 525-nm filter (FL1) and red fluores-
cence measured through a 575-nm filter (FL2). When passaged on solid
media, all species were grown on horse blood agar (40 g/liter blood agar
base no. 2, 10% [vol/vol] defribrinated horse blood, and 1 mg/liter men-
adione) for 4 to 8 days.

Arg-specific and Lys-specific proteolytic activity assays. Arg-specific
and Lys-specific protease assays were carried out as previously described
(26). Briefly, benzoyl-L-Arg-p-nitroanilide (BApNA; Sigma) and benzyl-
oxycarbonyl-L-Lys-p-nitroanilide (LyspNA; Novabiochem) were used to
assay the Arg- and Lys-specific proteolytic activity of P. asaccharolytica, P.
catoniae, P. circumdentaria, P. endodontalis, P. levii, P. gulae, P. macacae, P.
salivosa, and P. gingivalis (W50 and ATCC 33277). Whole bacterial cells
(108 bacteria/ml) were incubated with 100 mM L-cysteine in TC150 buffer
(150 mM NaCl, 50 mM Tris-HCl, 5 mM CaCl2 [pH 7.4]) for 10 min at
37°C before the addition of BApNA or LyspNA (Sigma-Aldrich). The
optical density at 405 nm (OD405) was measured on a Wallac Victor3 plate
spectrophotometer (PerkinElmer Pty, Ltd., New South Wales, Australia)
every 4 s for 120 s. The protease activity was expressed as U/ml, which
represents the �mol of BApNA or LyspNA hydrolyzed per min per ml. A
Student t test was used to determine statistical differences, and a P value of
�0.05 was considered significant.

DNA sequencing. The predicted kgp gene from the Loup 1 P. gulae
type strain (ATCC 51700) (13) was validated using Sanger sequencing.
Primers were designed using Primer3 v2.3.4 (27). Primer sets were de-
signed to amplify 500-bp regions, and repeat-region coordinates were
used to exclude target sites (see Table S1 in the supplemental material).

The primers kgp_F1 and kgp_Rii were used to produce a 5.2-kb amplicon
for each strain, which was quantified and used as the template with each of
the primers listed for capillary electrophoresis sequencing at The Mel-
bourne Translational Genomics Platform.

Autoaggregation assay. The ability of bacteria to autoaggregate was
measured using an assay adapted from Nishiyama et al. (28). Briefly, bac-
teria were grown and harvested as described above before being washed
twice with 20 mM phosphate-buffered saline (PBS; pH 6.0) and resus-
pended in 20 mM PBS. The OD650 of the cell suspension was measured
and adjusted to an OD650 of 1.0. Aliquots (2 ml) were then added to
optically clear polystyrene tubes (BD Falcon, New South Wales, Austra-
lia), gently mixed, and then incubated at 37°C. The OD650 was measured
every 10 min, with autoaggregation being observed as a decrease in the
optical density.

Labeling of bacteria. P. gulae ATCC 51700 and P. gingivalis (W50 and
ATCC 33277) were labeled with either fluorescein isothiocyanate (FITC;
Life Sciences) or pHrodo Red succinimidyl ester (pHrodo; Life Sciences).
The mean fluorescence intensities (MFIs) were measured for FITC and
pHrodo on all bacteria used and found to be comparable (data not
shown). Bacteria were grown to late exponential phase and harvested by
centrifugation (9,000 � g, 30 min, 4°C) and then washed twice with PBS.
Bacteria were resuspended at 3 � 109 bacteria/ml in PBS containing 0.1
mg/ml FITC and then incubated for 1 h at 37°C, with no light, and with
gentle mixing. Labeled bacteria were washed three times with PBS before
being resuspended in incomplete, indicator-free Eagle minimal essential
medium (Gibco) at a cell density of 6 � 109 bacteria/ml. For pHrodo
labeling, the bacteria were resuspended at 3 � 109 bacterial/ml in 100 mM
sodium bicarbonate (pH 8.5) after harvesting and washing. pHrodo was
added to the bacteria at a concentration of 0.5 mM, followed by incuba-
tion for 1 h at room temperature, with no light, and with gentle mixing.
Labeled bacteria were then washed three times with PBS and resuspended
at 3 � 109 bacteria/ml in PBS before being snap-frozen in liquid nitrogen
and stored at �80°C.

Binding of bacteria to oral mucosal epithelial cells. Oral keratinocyte
OKF6 cells (oral mucosal epithelial cells [29]; kindly provided by James
Rheinwald, Harvard Institute of Medicine) were cultured in K-sfm me-
dium (Life Technologies) containing 25 �g/ml bovine pituitary factor, 0.2
ng/ml epidermal growth factor, 0.3 mM CaCl2, and 100 IU/ml penicillin-
streptomycin. OKF6 cells were seeded into a 24-well plate at 5 � 105 cells
per well, followed by incubation overnight at 37°C in 5% (vol/vol) CO2.
FITC-labeled bacteria were resuspended in antibiotic- and serum-free
culture medium and added to the cell monolayers in increasing bacteri-
um/cell ratios (BCRs), followed by incubation for 90 min at 37°C in 5%
(vol/vol) CO2. Bacteria were also added to the cell monolayers after being
treated with 5 mM N-�-tosyl-L-lysine chloromethyl ketone hydrochlo-
ride (TLCK; Sigma-Aldrich) in PBS for 30 min at 37°C. TLCK is an irre-
versible inhibitor of serine proteases. The supernatant was removed from
the cell monolayers containing the unbound bacteria. The cell monolayer
was detached from the plate using 0.25% trypsin-EDTA (Sigma) and
washed (1� K-sfm culture medium), and the adherence of the FITC-
labeled bacteria to the epithelial cells was determined by flow cytometry
(FC500; Beckman Coulter) as previously described (30). The FC500 was
equipped with an argon ion laser operating at an excitation wavelength of
488 nm and a red solid state diode laser operating at 635 nm. The fluores-
cence was measured through a 525-nm filter (FITC, FL1). A typical for-
ward- and side-scatter gate was set to exclude dead cells and aggregates,
and a total of 3 � 104 events in the gate were collected. Flow cytometry
data were analyzed using Kaluza flow cytometry analysis software version
1.1 (Beckman Coulter). A Student t test was used to determine statistical
differences, and a P value of �0.05 was considered significant.

Mouse periodontitis model. BALB/c mice were obtained from the
Walter and Eliza Hall Institute animal facility and were housed in specific-
pathogen-free conditions at the Biological Research Facility in the Royal
Dental Hospital of Melbourne. The murine periodontitis model protocol
was adapted from that previously described (21) and was approved by the
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University of Melbourne Ethics Committee for Animal Experimentation.
Female BALB/c mice (10 per experimental group, 6 to 8 weeks old) were
orally inoculated four times in one experiment or eight times in a separate
experiment, each inoculation 2 days apart, with 1010 viable P. gingivalis
W50 cells or P. gulae ATCC 51700 cells (25 �l) per inoculation. The mice
were killed 8 weeks after the first oral inoculation (50 and 42 days after the
final inoculation, for four and eight inoculations, respectively), and the
maxillae were removed and processed as previously described (21).

Bacterium-induced apoptosis and cell death of oral epithelial cells.
Oral keratinocyte (OKF6) cells were removed from tissue culture flasks
with 0.25% trypsin-EDTA solution (Sigma) and resuspended in antibiot-
ic-free culture medium at 106 cells/ml and allowed to recover for 1 h at
37°C in 5% (vol/vol) CO2. The removal of adherent cells can damage the
cell membrane and cause false-positive results, and 1 h of incubation was
found to reverse any transient trypsin-induced membrane disruption.
Increasing ratios of P. gulae ATCC 51700 and P. gingivalis (W50 and
ATCC 33277) were added to the cell suspensions, which were then incu-
bated at 37°C in 5% (vol/vol) CO2 for 1 h. The levels of OKF6 cell apop-
tosis and cell death were determined using a Yo-Pro-1 and PI flow cytom-
etry kit (Life Sciences) as recommended by the manufacturer. Yo-Pro-1 is
a green fluorescent dye that can enter the cell during the early stages of
apoptosis, when the cytoplasmic membrane becomes slightly permeable.
PI is a red fluorescent dye that can only enter cells that are dead; thus,
apoptotic cells were observed as green fluorescent cells, dead cells were
observed as green and red, and healthy cells showed little or no fluores-
cence. Fluorescence was measured on the FC500 (Beckman Coulter), us-
ing a 525-nm filter for green fluorescence (FL1) and a 575-nm filter for red
fluorescence (FL2). A Student t test was used to determine statistical dif-
ferences, and a P value of �0.05 was considered significant.

Phagocytosis assay. pHrodo is a novel pH-sensitive fluorochrome
that has been used to examine phagocytosis (31). RAW 264.7 (ATCC
TIB-71) cells, a murine macrophage cell line, were used to examine
phagocytosis of P. gulae ATCC 51700 and P. gingivalis (W50 and ATCC
33277). RAW 264.7 cells were cultured in RPMI 1640 (Sigma) containing
25 mM L-glutamine, 10% (vol/vol) heat-inactivated fetal calf serum, and
100 IU/ml penicillin-streptomycin. Adherent macrophages were re-
moved by using 0.25% trypsin-EDTA and resuspended in antibiotic- and
serum-free RPMI at 1.5 � 106 cells/ml. pHrodo-labeled bacteria were
added in increasing ratios of bacteria to cells, followed by incubation for 1
h or 24 h at 37°C in 5% (vol/vol) CO2. After incubation, the cells were
washed twice and resuspended in PBS for analysis by flow cytometry on
the FC500 (Beckman Coulter). Typical forward- and side-scatter gates
were set to exclude dead cells and aggregates. A total of 3 � 104 events in
the gate were collected, and phagocytosis was identified as pHrodo-posi-
tive cells (pHrodo fluorescence was measured using a 575-nm filter; FL2).
Cells and bacteria incubated on ice rather than at 37°C were used as neg-
ative controls. A Student t test was used to determine statistical differ-
ences, and a P value of �0.05 was considered significant.

Cytokine assay. P. gulae ATCC 5170 and P. gingivalis (W50 and ATCC
33277) were harvested from liquid culture during late exponential growth
phase and added at increasing ratios (20:1, 80:1, and 160:1) to 106 mac-
rophages (RAW 264.7)/ml before being incubated for 90 min at 37°C in
5% (vol/vol) CO2 in antibiotic-free, serum-free RPMI containing 25 mM
L-glutamine. After incubation, the cells were centrifuged at 300 � g to
pellet the macrophages but not the bacteria, and the cell pellet was resus-
pended and washed in culture media. Macrophages were then incubated
for 24 h at 37°C in 5% CO2, the supernatants were collected, and the
particulates were removed by centrifuged at 9,000 � g for 30 min. The
cytokine levels in the supernatants were measured using a Bio-Plex Pro
mouse cytokine standard 23-Plex, Group 1 kit (Bio-Rad, New South
Wales, Australia) on a Bio-Plex 200 System (Bio-Rad) as previously de-
scribed (32) and according to the manufacturer’s instructions. A Student
t test was used to determine statistical differences, and a P value of �0.05
was considered significant.

RESULTS
P. gulae has Arg-X and Lys-X protease activity that is critical for
epithelial cell adhesion. A major virulence factor of the human
periodontal pathogen P. gingivalis is the presence of Arg-X and
Lys-X proteolytic activity. As such, we initially measured the
Arg-X and Lys-X protease activities of a number of Porphyromo-
nas species commonly isolated from companion animals: P. asa-
ccharolytica, P. circumdentaria, P. endodontalis, P. levii, P. gulae, P.
macacae, P. catoniae, and P. salivosa. Of these, only P. gulae exhib-
ited the specific protease activity. A BLASTN search was per-
formed using RgpA, RgpB, and Kgp gingipain gene sequences
from P. gingivalis (ATCC 33277) against the publicly available
draft genome sequences of the seven species that did not exhibit
Arg-X or Lys-X protease activity, and no significant similarities
were found. We then compared the activity for P. gulae to that for
the human pathogens P. gingivalis W50 and ATCC 33277 (Fig.
1A). P. gulae ATCC 51700 exhibited a level of Arg-X protease
activity similar to that of P. gingivalis W50 and lower than that of
ATCC 33277, but it had a significantly (P � 0.0001) higher Lys-X
protease activity than either P. gingivalis strain.

A BLASTN search of the 12 draft P. gulae genomes available
(33) confirmed that they did contain the rgpA, rgpB, and kgp gin-
gipain genes. Since it has been suggested in the literature that the
P. gulae genome contains the rgpA and rgpB genes but not the kgp
gene (34), we explored the presence of this gene in more detail. We
sequenced P. gulae ATCC 51700 and confirmed that it possessed a
5,193-bp gene encoding a gingipain catalytic domain and associ-
ated cleaved adhesin domains (CADs) that had a high level of
identity to the P. gingivalis W83 kgp gene that encodes the Lys-
specific gingipain and associated CADs (see Fig. S1 in the supple-
mental material). All three essential catalytic residues were con-
served in the P. gulae ATCC 51700 sequence (see Fig. S1 in the
supplemental material). We then examined the recently published
draft genome sequences of 12 P. gulae strains (33) for the presence
of a kgp gene encoding the catalytic domain of the Lys-specific
gingipain. All 12 draft genomes contained a kgp gene that was
nearly identical to that found in that P. gulae ATCC 51700 (see Fig.
S2 in the supplemental material). All three essential catalytic res-
idues were conserved in all P. gulae strains. Two isoforms of the
Kgp catalytic domain were seen, with 13 specific amino acid sub-
stitutions found in strains JRAK01000000 and JRAE01000000 rel-
ative to the other strains.

We then examined the ability of P. gulae ATCC 51700 to auto-
aggregate since this, along with Arg-X and Lys-X protease activity
and binding to oral epithelial cells, has been linked to the virulence
of the human periodontal pathogen (28, 30). P. gulae ATCC 51700
was found, by use of the turbidity reduction assay, to have a higher
rate of autoaggregation than both P. gingivalis species, reaching a
significantly higher level of autoaggregation at 80 min (Fig. 1B).

To examine binding to oral epithelial cells (OKF6 cells), P.
gulae ATCC 51700 and P. gingivalis (W50 and ATCC 3277) were
labeled with a fluorophore, FITC, and the level of bound bacteria
was determined using flow cytometry. Increasing ratios of bacteria
to cells were used to examine both the percentage of oral epithelial
cells with adhered bacteria and the MFI, an indication of how
many bacteria are bound per oral epithelial cell. The binding of
bacteria was observed as an increase in fluorescence (FITC) of oral
epithelial cells, and as the bacterium/cell ratio (BCR) increased
there was a corresponding increase in the percentages of epithelial
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FIG 1 P. gulae binds to oral epithelial cells, autoaggregates, and has Arg- and Lys-specific proteolytic activity. (A) The proteolytic activity was determined
using BApNA (arginine, �) and LyspNA (lysine, �) substrates. P. gulae whole cells (108 bacteria/ml) showed significantly more lysine activity than P. gingivalis
W50 (108 bacteria/ml) and P. gingivalis ATCC 33277 (108 bacteria/ml). All data are expressed as U/ml of proteolytic activity from two separate experiments (n �
6). Means � the standard errors of the mean (SEM) are shown (****, P � 0.0001). (B) Autoaggregation was measured as the decrease in optical density, with an
OD650 set at an initial 1.00 for each bacterium. P. gingivalis W50 (�) displayed minimal autoaggregation, whereas P. gingivalis ATCC 33277 (�) and P. gulae
ATCC 51700 (Œ) showed significantly more autoaggregation. Data are representative of three separate experiments. Means � the SEM are shown (*, P � 0.05,
P. gulae and P. gingivalis ATCC 33277 versus P. gingivalis W50 [n � 3] and P. gulae and P. gingivalis ATCC 33277 versus P. gingivalis W50 [n � 3]). (C to E) P.
gingivalis (W50 and ATCC 33277) and P. gulae ATCC 51700 were labeled with FITC and examined for their ability to bind to oral epithelial cells in increasing
ratios of bacteria to epithelial cells. All bacteria were found to bind to oral epithelial cells (C); however, P. gulae ATCC 51700 (�) bound at a greater rate than did
P. gingivalis ATCC 33277 ( ) and P. gingivalis W50 (�), as measured by the percentage of FITC-positive cells (D) and the MFI (E). Bacteria treated with
TLCK—P. gulae ATCC 51700 (o), P. gingivalis W50 (2), and P. gingivalis ATCC 33277 (s)—showed a decrease in binding. Data are expressed as the
percentages of FITC-positive cells or the MFIs and are representative of three separate experiments. Means � the SEM are shown (*, P � 0.05 [P. gulae and P.
gingivalis ATCC 33277 versus P. gingivalis W50]; #, P � 0.05 [TLCK-treated bacteria versus non-TLCK-treated bacteria]; n � 3). (F) BALB/c mice were orally
inoculated with either four or eight doses of 1010 P. gulae ATCC 51700 or P. gingivalis W50 cells in two separate experiments. Maxillary bone loss was measured
8 weeks after the first inoculation; data are expressed as bacterium-induced bone loss in mm2. Means � the SEM are shown (**, P � 0.005; ****, P � 0.00005 [P.
gulae and P. gingivalis W50 versus uninoculated; n � 10]).
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cells with bacteria attached for P. gulae and P. gingivalis (Fig. 1C).
At BCRs of 10:1 and 20:1, P. gulae ATCC 51700 and P. gingivalis
ATCC 33277 were found to adhere to a lower percentage of oral
epithelial cells than did P. gingivalis W50 (Fig. 1D). However, at
BCRs of 50:1 and above, all (100%) oral epithelial cells had P. gulae
or P. gingivalis attached (Fig. 1D). Interestingly, unlike the P. gin-
givalis strains, which adhered to oral epithelial cells as a single
population, P. gulae ATCC 51700 exhibited high and low binding
cell populations at BCRs of 10:1 and 20:1 (Fig. 1D). Despite the
variation in population binding profiles at all of the ratios exam-
ined, significantly (P � 0.01) more P. gulae ATCC 51700 cells were
found to be bound per oral epithelial cell than either P. gingivalis
W50 or ATCC 33277 cells, as reflected by higher MFI values (Fig.
1E). Bacteria were also incubated with TLCK in this experiment to
inactivate their protease activity, thus highlighting the role these
proteases have in binding. Protease inactivation on P. gulae ATCC
51700 significantly reduced its ability to bind to oral epithelial cells
(Fig. 1D and E). This was also observed for P. gingivalis W50 and
ATCC 33277.

Finally, we show that P. gulae ATCC 51700 induced alveolar
bone loss in the mouse periodontitis model and compared the
level of bone loss to that induced by P. gingivalis W50. We inocu-
lated BALB/c mice with 1010 P. gulae ATCC 51700 or P. gingivalis
W50 cells, 2 days apart, with either four or eight doses, in two
separate experiments. P. gulae was found to induce alveolar bone
loss in both dosing regime experiments, and the level of bone loss
was not significantly different from that induced by P. gingivalis
W50 using the same dose regime (Fig. 1F).

P. gulae induces cell death of oral epithelial cells. Periodontal

pathogens have previously been shown to induce epithelial cell
apoptosis (35). In this study, we examined and compared the abil-
ity of P. gulae ATCC 51700 to induce apoptosis of oral epithelial
cells to that of P. gingivalis (W50 and ATCC 33277). After incuba-
tion for 60 min, all three bacterial strains induced apoptosis and
cell death, as indicated by the increase in Yo-Pro-1 and PI fluores-
cence (Fig. 2A). P. gulae ATCC 51700 induced high levels of apop-
tosis of oral epithelial cells, which were significantly higher than
that induced by P. gingivalis W50 but similar to that observed with
P. gingivalis ATCC 33277 (Fig. 2B). A significant (P � 0.05) and
positive correlation was found between the number of bacteria
bound to the oral epithelial cells and the level of apoptosis ob-
served for P. gulae ATCC 51700 (R2 � 0.9279) and P. gingivalis
ATCC 33277 (R2 � 0.7791) (Fig. 2B). At the time point and BCRs
examined, all of the bacteria induced similar levels of cell death, as
determined from the PI fluorescence (Fig. 2C).

Phagocytosis of P. gulae. Macrophages are an important com-
ponent of the innate immune system, and their cell numbers are
higher in the gingival tissues of chronic periodontitis patients than
in gingival tissues of healthy subjects (36, 37). These phagocytic
cells play a role in bacterial clearance and immune surveillance
and, as such, it is important to determine whether P. gulae was
recognized and phagocytosed by macrophages. P. gulae ATCC
51700 and P. gingivalis (W50 and ATCC 33277) were labeled with
pHrodo, a novel fluorogenic dye that only fluoresces in acidic
conditions, such as those found within the phagosome, making it
ideal for measuring phagocytosis. The mouse macrophage cell line
RAW 264.7 was found to phagocytose P. gulae ATCC 51700 and
both P. gingivalis W50 and ATCC 33277 (Fig. 3A). At a BCR of

FIG 2 P. gulae induces apoptosis and death in oral epithelial cells. (A) Apoptosis was measured as an increase in green fluorescence (Yo-Pro-1), and cell death
was measured as an increase in green and red (PI) fluorescence. (B) All bacteria tested induced apoptosis; however, P. gingivalis ATCC 33277 ( ) and P. gulae
ATCC 51700 (�) induced significantly more apoptosis than did P. gingivalis W50 (�). (C) All bacteria induced similar levels of cell death (PI) at the time point
measured. Means � the SEM are shown (*, P � 0.05; **, P � 0.005 [P. gulae and P. gingivalis ATCC 33277 versus P. gingivalis W50; n � 3]).
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20:1, the percentages of macrophages that were pHrodo positive
for P. gulae were significantly higher than those that were pHrodo
positive for P. gingivalis ATCC 33277 or W50 (Fig. 3B). Further-
more, as indicated by the MFI, significantly more P. gulae and P.
gingivalis strain ATCC 33277 were phagocytosed per macrophage
than P. gingivalis strain W50 (Fig. 3C). All bacteria tested showed
a positive correlation (P. gulae, R2 � 0.9992; P. gingivalis W50,
R2 � 0.9999; and P. gingivalis ATCC 33277, R2 � 0.9712) between
the number of bacteria and the MFI value of the macrophages
(bacteria phagocytosed) (Fig. 3C).

P. gulae induces pro- and anti-inflammatory cytokines in
macrophages. The macrophage cytokine response to bacteria is
one of the early defining events that shape the subsequent immune
response. In this study, we examined the 24-h cytokine response
from the murine macrophage cell line RAW 264.7 when incubated
with P. gulae ATCC 51700. Bacteria were incubated at increasing

cell ratios with macrophages for 90 min before being removed,
since initial studies found that sustained (24-h) incubation of
macrophages with P. gulae resulted in significantly high levels of
cell death (data not shown), as seen with oral epithelial cells
(Fig. 2), which were similar to that induced by P. gingivalis. At 24
h after incubation (90 min) with P. gulae, the RAW 264.7 cells
were examined for apoptosis and necrosis, which was found to be
�5%, indicating that the cytokines being produced were not due
to large amounts of macrophage apoptosis or death. P. gulae in-
duced the proinflammatory cytokines interleukin-1� (IL-1�), IL-
1	, IL-3, IL-6, IL-12p40, IL-12p70, IL-17, tumor necrosis factor
alpha (TNF-�), and gamma interferon (IFN-
). The levels of
these cytokines were significantly lower than those induced by P.
gingivalis W50 but comparable to those with P. gingivalis ATCC
33277, with the exception of IL-1�, TNF-�, and IL-6 (Fig. 4). All
bacteria tested induced comparable levels of IL-1� and TNF-�;

FIG 3 P. gulae is phagocytosed more readily than P. gingivalis. P. gingivalis (W50 and ATCC 33277) and P. gulae ATCC 51700 were labeled with pHrodo and
examined for their ability to be phagocytosed by mouse macrophages (RAW 264.7) at increasing bacterium/cell ratios (BCRs). (A to C) Mouse macrophages can
phagocytose both bacterial strains, as determined by an increase in pHrodo fluorescence (A); however, P. gulae ATCC 51700 (�) and P. gingivalis ATCC 33277
( ) were more readily phagocytosed than P. gingivalis W50 (�), as determined by the percentages of pHrodo-positive cells (B) and the MFIs (C). Data are
expressed as the percentages of pHrodo-positive cells or the MFI. Means � the SEM are shown (*, P � 0.05; **, P � 0.005; ***, P � 0.0005; ****, P � 0.00005
[P. gulae and P. gingivalis ATCC 33277 versus P. gingivalis; n � 3]).
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however, P. gulae ATCC 51700 and P. gingivalis ATCC 33277 in-
duced significantly higher levels of IL-6 than did P. gingivalis W50.
Of note, at the 160:1 ratio P. gulae ATCC 51700 induced signifi-
cantly more IL-6 than either P. gingivalis strains. Interestingly, P.
gulae ATCC 51700 also induced significantly lower levels of the
anti-inflammatory cytokines (IL-4, IL-5, IL-10, and IL-13) than
did P. gingivalis W50, but these were again similar to the results
observed with P. gingivalis ATCC 33277 (Fig. 4). At lower BCRs, P.
gulae ATCC 51700 and P. gingivalis 33277 induced higher levels of
the growth factor granulocyte-macrophage colony-stimulating
factor and the chemokines MCP-1 and RANTES (Fig. 4); how-
ever, this increase was less dramatic at higher cell ratios. P. gingi-
valis W50 induced significantly higher levels of the growth factor
granulocyte colony-stimulating factor and the chemokines eo-
taxin and KC than the other bacteria (Fig. 4). Overall, P. gulae
ATCC 51700 induced a macrophage cytokine profile similar to
that induced by P. gingivalis ATCC 33277. The levels of cytokines
produced by P. gulae ATCC 51700 were typically greater than
those produced by P. gingivalis ATCC 33277 but lower than those
produced by P. gingivalis W50.

DISCUSSION

Periodontitis is a significant problem in companion animals, and
several species of black-pigmented anaerobic bacteria have been
isolated from the oral cavities of animals (3). In humans, the
black-pigmented anaerobe P. gingivalis produces extracellular
proteases (Arg-X and Lys-X specificity) that are major virulence
factors and are strongly associated with disease progression and
severity (38). Of the eight companion animal Porphyromonas spe-

cies tested, only P. gulae ATCC 51700 exhibited Arg-X and Lys-X
proteolytic activity, and it was found to have a significantly higher
Lys-X activity than P. gingivalis W50 and ATCC 33277 (Fig. 1).
Given the importance of these proteases in P. gingivalis-induced
periodontitis, we hypothesized that the higher levels of Lys-X ex-
pression by P. gulae ATCC 51700 may lead to increased host im-
mune dysregulation and tissue destruction. Indeed, previous re-
search from our laboratory has shown that the Lys-specific activity
of P. gingivalis associated with Kgp (Lys-specific gingipain) is one
of the key determinants of virulence (39). We sequenced P. gulae
ATCC 51700 and confirmed that it did contain the rgpA, rgpB, and
kgp gingipain genes. The kgp gene sequence exhibited a high se-
quence similarity to that of P. gingivalis W83 (see Fig. S1 and S2 in
the supplemental material). Our findings are not in agreement
with those of O’Flynn et al. (34) who state that the P. gulae strains
in their study contained rgpA and rgpB but not the kgp gene. Using
the kgp gene sequence as a search item we have shown that the P.
gulae strains reported by O’Flynn et al. (34) and the P. gulae se-
quences reported by Coil et al. (33) all contain the kgp gene (see
Fig. S2 in the supplemental material). Thus, our data show that all
P. gulae strains isolated and sequenced from companion animals
with periodontitis contain the rgpA, rgpB, and kgp gingipain genes,
which are major virulence factors of the human periodontal
pathogen P. gingivalis (38). Alveolar bone loss is a hallmark of
periodontitis, and the human pathogen P. gingivalis has been
shown to induce alveolar bone loss in murine models of disease.
We have confirmed that oral inoculation of P. gulae ATCC 51700
in mice induces alveolar bone loss comparable to that with P.

FIG 4 Macrophage cytokine response to P. gulae. RAW 264.7 macrophages were incubated with no bacteria (s), P. gulae ATCC 51700 (�), P. gingivalis ATCC
33277 ( ), or P. gingivalis W50 (�) for 90 min before the cells were centrifuged and the bacterium-containing supernatant was removed. The cytokine responses
were measured after 24 h of incubation. Data are expressed as pg/ml. Means � the SEM are shown (*, P � 0.05; **, P � 0.005; ***, P � 0.0005; ****, P � 0.00005
[P. gulae and P. gingivalis ATCC 33277 versus P. gingivalis; n � 3]).
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gingivalis, consistent with P. gulae being an oral pathogen capable
of inducing periodontitis in companion animals.

The ability of periodontal pathogenic bacteria to adhere to and
invade host cells is a major virulence factor, and fimbriae are im-
portant for their adhesion to oral epithelial cells and fibroblasts
(40–43). In this study, we examined two strains of P. gingivalis:
W50, a sparsely fimbriated strain with type IV fimbriae, and
ATCC 33277, a highly fimbriated strain with type I fimbriae (38).
P. gulae ATCC 51700 has been shown to express a 41-kDa fimbrial
protein (FimA) that has molecular and antigenic properties sim-
ilar to those of the 41-kDa fimbrial protein found on P. gingivalis
ATCC 33277 (17). P. gulae has also been reported to have a sec-
ondary fimbrial protein of differing size (53 kDa) and antigenicity
from the FimA protein (44). In our study, the binding capacity of
P. gulae ATCC 51700 was examined using the oral epithelial cell
line OKF6, with two measurements of adherence used: the per-
centage of cells with bacteria attached and the MFI, an indication
of how many bacteria are bound per epithelial cell. At low BCRs,
the fimbriated P. gulae ATCC 51700 and P. gingivalis ATCC 33277
adhered to a lower percentage of epithelial cells than the sparsely
fimbriated P. gingivalis W50. However, P. gulae ATCC 51700 had
significantly higher MFI values at all of the BCRs examined.
Higher MFI values suggest that the fimbriated forms of bacteria
autoaggregate and thus that higher numbers of bacteria are able to
adhere to individual cells. We showed here that both P. gulae
ATCC 51700 and P. gingivalis ATCC 33277 autoaggregated (Fig.
1B). Interestingly, despite sharing similar FimA proteins, P. gulae
ATCC 51700 exhibited higher MFI values than did P. gingivalis
ATCC 33277. These data are not consistent with a previous study
that examined the binding of these bacteria to primary human
gingival epithelial cells (17); however, that study used a method
that involved lysing the epithelial cells and subsequent determina-
tion of CFU on agar, thus measuring binding and invasion. Our
flow cytometry method is likely to be more sensitive and not only
reveals the percentages of cells with bacteria adhered/invaded but
also gives an indication of how many bacteria are adhered/invaded
per cell and is not dependent on a further growth assay to show the
presence of bacteria. The Arg-X and Lys-X proteolytic activity
appears to play a role in the binding of P. gulae ATCC 51700 to oral
epithelial cells, as demonstrated by reduced binding when pro-
tease activity was inhibited. This has previously been shown with
the adherence of P. gingivalis W50 to KB cells (30).

Direct damage of the oral epithelial cells may also contribute to
the pathology of periodontitis in companion animals. In this
study, we have shown that P. gulae ATCC 51700 induced signifi-
cantly more apoptosis in oral epithelial cells (Fig. 2) than P. gingi-
valis W50. This increase may be due to P. gulae ATCC 51700 being
fimbriated and thus able to bind to cells in greater numbers, sim-
ilar to the fimbriated P. gingivalis ATCC 33277. In addition, the
high level of Lys-specific proteolytic activity found on P. gulae
ATCC 51700 may also contribute to apoptosis, which is consistent
with previous reports on P. gingivalis (39).

The ability of P. gulae to induce inflammation and bone loss
can be attributed to the subsequent host immune response to the
bacterium. Epithelial cells would be the first host cell to encounter
a Porphyromonas species in subgingival plaque but, as major im-
mune cells, the bacterium would also have early contact with mac-
rophages, which are critical effectors and regulators of both in-
flammation and the innate immune response. Macrophages are
located throughout the tissues of the body and perform a surveil-

lance function, phagocytosing bacteria in order to remove the
pathogen and also to initiate the subsequent immune response
(45). In humans, macrophages have been identified as a major cell
type in the inflammatory infiltrate of the gingival tissue during
chronic periodontitis (46). Chronic inflammation and tissue
damage result when newly recruited “inflammatory” cells chron-
ically enter the tissue, often initiated by the resident macrophages
and other professional antigen-presenting cells (47). It is therefore
important to ascertain what immune response P. gulae elicits from
macrophages and whether these phagocytic cells can recognize,
respond to, and phagocytose the bacteria. We examined whether
the murine macrophage cell line RAW 264.7 was able to phagocy-
tose pHrodo-labeled bacteria. When a macrophage ingests a
pHrodo-labeled bacterium, the pathogen becomes trapped in a
phagosome. As the phagosome matures and ultimately fuses with
a lysosome, its interior becomes increasingly acidic (48), and it is
this decrease in pH that increases the fluorescence intensity of the
pHrodo dye (31). This dye allows us to definitively identify cells
that have phagocytosed bacteria, rather than bacteria adhered to
the surface or bacteria invading the host cell, since the pH of the
cytoplasm is �7.0. P. gulae ATCC 51700 and P. gingivalis (W50
and ATCC 33277) were all recognized and phagocytosed by RAW
264.7 macrophages. However, at a lower BCR there was a signifi-
cantly higher percentage of macrophages that were pHrodo posi-
tive for P. gulae ATCC 51700 or P. gingivalis ATCC 33277 than for
P. gingivalis W50 (Fig. 3A and B). In this assay, the MFI can reflect
two parameters: the number of bacteria ingested by the macro-
phage and the age of the phagosome. Macrophages incubated with
the fimbriated P. gulae ATCC 51700 or P. gingivalis ATCC 33277
had a significantly higher MFI than macrophages incubated with
the sparsely fimbriated P. gingivalis (W50). This suggests either
that P. gulae ATCC 51700 and P. gingivalis ATCC 33277 are
phagocytosed in greater numbers or that they are phagocytosed
more rapidly. Given that we examined pHrodo fluorescence at 1 h,
it is conceivable that P. gulae ATCC 51700 enters a phagosome
earlier than P. gingivalis W50; thus, at 1 h P. gulae ATCC 51700 is
present in a more mature, acidic phagosome. Although the kinet-
ics of phagosome maturation differ greatly depending on the mat-
ter that is ingested and the type of cell being examined, these
phagosomes can start to mature and become acidic within 10 to 30
min of formation (49, 50). Alternatively, given that highly fimbri-
ated bacteria autoaggregate, aggregates of P. gulae ATCC 51700
and P. gingivalis ATCC 33277 may be phagocytosed, thus increas-
ing the MFI.

One of the ways that macrophages modulate the resulting
immune response to infection is to release chemokines, which
in turn can signal for additional immune cells to traffic to the
site of infection, and cytokines, which can drive a proinflam-
matory or anti-inflammatory response (45). As expected, P.
gulae ATCC 51700 and P. gingivalis (W50 and ATCC 33277)
induced a proinflammatory cytokine response from RAW
264.7 macrophages (Fig. 4). Interestingly P. gulae ATCC 51700
induced significantly lower expression of IL-1�, IL-1	, IL-2,
IL-3, IL-12p40, IL-12p70, IL-17, and IFN-
 than did P. gingi-
valis W50, indicating that it may not induce an inflammatory
response that is as robust as that induced by P. gingivalis W50.
However, all bacteria tested induced similar levels of TNF-�. A
number of recent studies suggest that TNF-� has a significant
role in bone loss during periodontitis. The administration of
recombinant human TNF-� to rats has been shown to acceler-
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ate the progression of periodontitis (51), and TNF-� receptor
knockout mice develop significantly less inflammation and al-
veolar bone loss (52). In contrast to these results, P. gulae ATCC
51700 induced significantly higher levels of IL-6 than did P. gingi-
valis (W50 and ATCC 33277). IL-6 is able to stimulate various
biological processes, including antibody production, B cell dif-
ferentiation, T cell activation, and osteoclast differentiation
(53). IL-6 knockout mice have been shown to have decreased
bone loss compared to wild-type mice in a P. gingivalis perio-
dontitis model (54), suggesting that the expression of IL-6 is
involved in alveolar bone resorption. The high levels of IL-6
induced by P. gulae ATCC 51700 observed in our study may be
responsible for the significantly lower levels of other proin-
flammatory cytokines; IL-6 has been shown to downregulate
the expression of other proinflammatory cytokines (55).
Although P. gingivalis W50 appears to induce a greater proin-
flammatory cytokine response, it also induces a greater anti-
inflammatory response. Indeed, the lower levels of protective,
anti-inflammatory cytokines induced by P. gulae ATCC 51700
may lead to a greater inflammatory response and greater bone
loss, particularly in the presence of IL-6 and TNF-�. Taken
together, these data show that P. gulae ATCC 51700 induces a
proinflammatory profile from macrophages with levels of the
proinflammatory cytokines IL-1�, TNF-�, and IL-6 similar to
or higher than those induced by P. gingivalis W50. Chemokines
constitute a family of chemoattractant cytokines that play a
major role in selectively recruiting monocytes, neutrophils,
and lymphocytes. In the present study, we showed that several
chemokines are released by macrophages in response to Por-
phyromonas species. P. gulae ATCC 51700 induced high levels of
monocyte chemoattractant protein-1 (MCP-1/CCL2), a key
chemokine that regulates the migration and infiltration of
monocytes/macrophages (56). Macrophages themselves can
produce MCP-1 in order to attract more macrophages to a site
of infection or inflammation and, indeed, elevated levels of
MCP-1 have been reported in cases of chronic periodontal dis-
ease (57). P. gulae ATCC 51700 also induced the expression of
KC (CXCL1) at levels similar to those induced by P. gingivalis
ATCC 33277; however, the levels were significantly lower than
those induced by P. gingivalis W50. KC is a potent chemoattrac-
tant for neutrophils (58), which is consistent with the well-estab-
lished role of neutrophils in periodontal disease.

P. gulae has been implicated as a major pathogen in companion
animal periodontitis by its association with disease. In this study,
we examined several aspects of P. gulae virulence and its interac-
tion with the host immune system. Of all the companion animal
Porphyromonas species examined, P. gulae was the only species to
express Arg- and Lys-specific proteolytic activity. Indeed, it had
significantly more whole-cell lysine specific activity than the hu-
man periodontal pathogen P. gingivalis. P. gulae is fimbriated,
sharing the FimA protein with P. gingivalis ATCC 33277, and as
such is autoaggregated. P. gulae ATCC 51700 can adhere to oral
epithelial cells in greater numbers than P. gingivalis W50 and this,
coupled with greater Lys-specific proteolytic activity, may explain
its increased ability to induce apoptosis and kill oral epithelial
cells. P. gulae ATCC 51700 induced a predominantly proinflam-
matory cytokine profile from macrophages highlighted by similar
levels of IL-1� and TNF-� and increased levels of IL-6 with de-
creased levels of anti-inflammatory cytokines. P. gulae has viru-
lence characteristics that are associated with the human periodon-

tal pathogen P. gingivalis and, as such, may play a key role in the
pathology of periodontitis in animals.
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