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ABSTRACT. Periodontal disease is a significant problem in companion animals such as dogs 
and cats. However, there is little information available about fimbriae association of periodontal 
disease in companion animals. In this study, we have purified and characterized a fimbriae from 
Porphyromonas salivosa ATCC 49407. The molecular mass of this protein was approximately 
60-kDa, as estimated by SDS-PAGE. Immunogold electron microscopy revealed that anti-60-kDa 
fimbrial serum bound to fimbria on the cell surface of P. salivosa ATCC 49407. However, fimbriae of 
P. gingivalis and P. gulae were not labeled with the same antibody. Immunoelectron-microscopic 
studies and immunoblot analysis revealed that antigenicity and molecular weight were distinct 
from previously reported Porphyromonas fimbrial proteins. The amino acid sequence of the 
N-terminal 15 residues of the 60-kDa fimbrillin protein revealed only 3 of 15 residues identical to 
other Porphyromonas species fimbrillin proteins. Thus, the N-terminal amino acid sequence of the 
60-kDa fimbrillin protein of P. salivosa clearly differed from previously reported fimbrillin proteins. 
The level of adherence of the P. salivosa was 1.81%. It was confirmed that P. salivosa can adheres 
to human cells. These results suggest that the 60-kDa fimbriae of P. salivosa ATCC 49407 is a new 
type of fimbria and may have an important factor in the adherence host cells. We suggest that the 
surface structure of P. salivosa may have a role in the colonization of this organism in periodontal 
pockets in companion animals.

KEY WORDS: fimbria, periodontitis, Porphyromonas gingivalis, Porphyromonas salivosa, 60-kDa 
fimbrial protein

Porphyromonas salivosa is a black-pigmented, asaccharolytic, anaerobic, non-motile, non-spore-forming, Gram-negative, 
rod-shaped organism [30]. In 1987, Love et al. [29] described Bacteroides salivosus as a pigmented asaccharolytic pathogen 
which was isolated from subcutaneous abscesses and pyothoraxes of cats. B. salivosus strains have little DNA-DNA hybridization 
with members of previously described pigmented asaccharolytic Bacteroides species. In addition, DNA-DNA hybridization 
experiments revealed that the levels of hybridization between feline strains and Bacteroides macacae ATCC 33141 [7, 28, 45] are 
not significant.

Periodontitis in companion animals is an almost identical disease to that in humans in terms of disease course and clinical 
presentations [1, 8, 9, 16, 26]. Black-pigmenting anaerobic bacteria have been isolated from the periodontal pockets of several 
animals. The most frequently isolated black-pigmented anaerobic bacteria in canine periodontal pockets are P. gulae, P. salivosa 
and P. denticanis [1, 19]. However, several differences between human and companion animal Porphyromonas isolates have 
been reported [9, 19]. P. gingivalis isolates from humans are catalase-negative, whereas P. gingivalis-like isolates from canine 
periodontal pockets are catalase-positive. These catalase-positive P. gingivalis-like isolates may be of P. gulae.

Periodontal disease is a significant oral problem, characterized by halitosis, gingival inflammation, increased periodontal pocket 
depth, and alveolar bone loss, which results in loosening and eventual loss of teeth. Periodontal pathogens induce inflammatory 
reactions in the surrounding tissues [2, 15, 23].

Periodontitis is accepted as the most common cause of tooth loss in dogs and cats [6]. Numerous investigators have shown that 
periodontal disease in dogs and humans is accompanied by a shift in oral bacterial flora from predominantly aerobic Gram-positive 
bacteria to anaerobic Gram-negative rods [17, 18, 27, 37, 44]. Studies on feline periodontal disease have shown that the proportions 
of Gram-negative rods increase as the degree of periodontal disease increase and conversely found a negative correlation between 
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the degree of periodontal disease and the number of facultative/aerobic Gram-positive rods [36]. Porphyromonas gingivalis is an 
obligate anaerobic Gram-negative coccobacillus that has been associated with periodontal destruction in humans [23]. The feline 
Porphyromonas species, P. circumdentaria and P. salivosa were isolated from oral-associated diseases in domestic cats and from 
normal gingival margins of adolescent cats [31–35]. Moreover, Porphyromonas-like Gram-negative rods resembling human strains 
of P. gingivalis, P. endodontalis and feline strains of P. salivosa were isolated from dogs with periodontitis [5, 21, 43]. These findings 
suggested that Porphyromonas species had an ecological niche within the feline oral cavity.

Human periodontitis has been associated with subgingival plaque containing elevated levels of a specific Gram-negative 
anaerobic bacteria. P. gingivalis is a pathogen that causes periodontal disease, which is a typical chronic inflammatory disease 
[10, 23, 25, 47]. Bacterial fimbria is an important cell structure that contributes to the adherence and invasion of host cells 
[3, 20, 24, 42, 48], and induces inflammatory processes in periodontal tissues through a number of mechanisms [2, 11]. P. 
gingivalis fimbriae bind specifically to components lining the oral cavity, such as salivary proteins, commensal bacteria, several 
types of extracellular matrices, and host cells, including gingival fibroblasts, epithelial cells, and endothelial cells [15]. These 
adhesive abilities are a pathogenic trait that causes periodontal tissue destruction [38]. Moreover, fimbriae function as virulence 
factors in inflammatory reactions because they stimulate the production of inflammatory cytokines by macrophages and fibroblasts. 
These observations suggest the involvement of fimbriae as regulators of inflammatory reactions caused by bacterial infection [42].

In humans, much progress has been made in understanding the disease etiology and interaction between host and periodontal 
pathogens. These pathogens possess virulence factors that include collagenase, lipopolysaccharides, a trypsin-like protease and 
fimbriae [23]. Fimbriae in particular have an important role in facilitating the initial interaction between the bacteria and host 
[3, 14, 49]. In this study, to clarify the presence of new type of fimbriae in Porphyromonas species, we purified and characterized a 
fimbrial protein from P. salivosa ATCC 49407.

MATERIALS AND METHODS

Strains and cultivation conditions
P. salivosa ATCC 49407, P. gingivalis ATCC 33277 and P. gulae ATCC 51700 were cultivated (15% CO2, 15% H2 and 70% N2) 

in an anaerobic chamber (ANX-1; HIRASAWA, Tokyo, Japan) at 37°C in pre-reduced brain heart infusion (BHI) broth (Becton 
Dickinson Co., Sparks, MD, U.S.A.) supplemented with 0.5% yeast extract (Becton Dickinson Co.), 5 µg/ml hemin (Sigma-
Aldrich, St. Louis, MO, U.S.A.), and 1 µg/ml vitamin K1 (Sigma-Aldrich).

Isolation and purification of the 60-kDa fimbriae from P. salivosa
P. salivosa was incubated anaerobically for 18 hr in BHI broth. The bacterial cell pellet was harvested by centrifugation at 8,000 

× g for 30 min and washed twice with 20 mM Tris-HCl buffer (pH 8.0) containing 10 mM MgCl2 and 0.15 M NaCl by repeated 
pipetting. The suspension was subjected to ultrasonication with a 3-mm microtip (Branson Ultrasonics Corporation, Danbury, CT, 
U.S.A.) at 25 W output on the pulse setting with 5 cycles of 1 min in an icebox. The supernatant of the sonic extract collected by 
centrifugation at 10,000 × g for 30 min was subjected to 40% ammonium sulfate saturation by the stepwise addition of ammonium 
sulfate. The precipitated protein was collected by centrifugation at 10,000 × g for 30 min at 4°C, suspended in a minimum volume of 
20 mM Tris buffer, pH 8.0, and dialyzed against the same buffer. The dialysate sample containing most of the fimbriae was subjected 
to further purification on a diethylaminoethyl (DEAE) Sepharose CL-6B (GE Healthcare Bio-Sciences, Pittsburgh, PA, U.S.A.) 
column equilibrated with 20 mM Tris buffer (pH 8.0). The column was washed with 20 mM Tris buffer and then eluted with a linear 
gradient of 0 M to 0.3 M NaCl. The protein content of the fractions was measured by ultraviolet light adsorption at 280 nm.

Sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE)
Protein extracts were heated at 100°C for 5 min in loading buffer. Samples were applied to 12.0% polyacrylamide gel with a 4% 

stacking gel, and electrophoresed at 30 mA constant current for 1 hr. The proteins were stained with Coomassie brilliant blue R-250 
(Bio-Rad Laboratories, Inc. Hercules, CA, U.S.A.). For molecular weight calibration, a low-molecular weight marker kit (ATTO, 
Tokyo, Japan) was used.

Polyclonal antibodies
Polyclonal antibodies (PAbs) against the 60-kDa fimbrial protein were prepared using the purified protein described above as 

an immunogen. BALB/c mice (Nihon SLC, Inc., Shizuoka, Japan) were injected at multiple sites subcutaneously with 50 µg of 
the 60-kDa fimbrial protein emulsified with Freund’s incomplete adjuvant (Becton Dickinson Co.). After 2 weeks, the mice were 
injected weekly for 4 weeks with the immunogen. Each mouse was bled after the last booster injection, and the antibodies were 
tested against the corresponding antigen by western blotting. After an adequate antibody titer was obtained, the mice were bled by 
cardiac puncture and the sera were prepared and stored at −20°C. The experimental procedures were reviewed and approved by the 
Committee of Ethics on Animal Experiments of Kanagawa Dental University.

Western blotting
For immunoblot analysis, the proteins separated by 12% SDS-PAGE were transferred to a PVDF membrane (Immun-Blot® 

PVDF Membrane; Bio-Rad Laboratories) at 200 mA for 1 hr. The membranes were then treated with Tris-buffered saline (TBS; 
20 mM Tris-HCl pH 7.4, 0.5 M NaCl) containing 1% bovine serum albumin (BSA; Sigma-Aldrich) to block unoccupied protein 
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binding sites. They were then incubated with the PAbs specific for the 60-kDa fimbrial protein at 37°C for 1 hr, washed in TBS-
Tween (TBS with 0.5% Tween 20), incubated for 1 hr with goat anti-mouse immunoglobulin G conjugated with horseradish 
peroxidase (R&D Systems, Inc., Minneapolis, MN, U.S.A.), and then immersed in 4-chloro-1-naphthol (Tokyo Chemical Industry, 
Tokyo, Japan) solution to develop the color. The reaction was stopped by immersing the membranes in distilled water, and the 
membranes were then dried.

Electron microscopy
The fimbriae of bacterial cell surfaces were examined with a transmission electron microscope. Bacterial cells from an 18-hr 

anaerobic culture were collected by centrifugation (10,000 × g for 1 min), washed, and resuspended (5 × 108/ml) in phosphate-
buffered saline (pH 7.4). Ten microliters of the cell suspension or purified fimbriae was applied on a copper grid coated with a 
thin Formvar film and air-dried. The samples were then negatively stained with 2% (wt/vol) uranyl acetate for 1 min, air-dried, 
examined, and photographed with a JEM-1220 electron microscope (JEOL Ltd., Tokyo, Japan) operating at 80 kV.

Immunoelectron microscopy
Bacterial cells from 18-hr anaerobic culture were harvested by centrifugation at 10,000 × g for 1 min, and resuspended in 

phosphate-buffered saline (PBS, pH 7.4). Copper grids (Maxtaform Grid HR24; Nisshin EM, Tokyo, Japan) were covered with 
a thin film of collodion (Nisshin EM), which was then coated with carbon. The supported films were made hydrophilic by ion 
bombardment before use. A drop of cell suspension or purified protein was applied to the specimen grid. For immunogold labeling, 
a cell suspension was transferred to a collodion-coated film copper grid. The samples were incubated with 10 µl mouse PAbs 
against the 60-kDa fimbrial protein of P. salivosa ATCC 49407 (diluted 1:5,000 in PBS containing 1% BSA) at 37°C for 1 hr. After 
five washes with PBS, the samples were incubated with EM goat anti-mouse IgG: 5-nm gold (BBI Solutions, Cardiff, U.K.) at 
37°C for 30 min. The samples were then negatively stained with 2% uranyl acetate for 1 min. The specimens were examined and 
photographed with a JEM-1220 electron microscope (Nippon Denshi Co., Tokyo, Japan) operated at 80 kV.

N-terminal amino acid sequences
Purified fimbrial protein was electrophoresed on a 12% SDS-polyacrylamide gel and then transferred onto a PVDF membrane 

operated at 200 mA for 1 hr. After the membrane was stained with Coomassie brilliant blue R-250, the purified fimbrial protein 
band was excised and analyzed using a PPSQ-33a amino acid sequencer system (Shimadzu, Kyoto, Japan).

Adherence assay
Human gingival epithelial cells (HGECs) were obtained from the dental patient. Adherence of HGECs by P. salivosa and P. 

gingivalis was assessed as follows. Bacterial cells were collected by centrifugation, washed with keratinocyte growth medium 
(KGM, LONZA, Walkersville, MD, U.S.A.), and re-suspended in KGM at a final concentration of 109 cells/ml. Bacterial 
suspensions were added to confluent HGECs monolayers at a multiplicity of infection (MOI) of 100 and then incubated at 37°C in 
5% CO2 for 90 min. After incubation, unattached bacteria were removed by sterile PBS twice. HGECs were lysed in 1 ml of sterile 
distilled water per well and incubated for 30 min. Lysates were serially diluted, placed on BHI blood agar plates and incubated 
anaerobically at 37°C for 7 days. All assays were performed in triplicate. Adherence capacities of the bacterial strains were 
calculated from the colony forming units (CFU) recovered as a percentage of total bacteria bound to HGEC. The experimental 
procedures, were approved by the Ethical Committee of Kanagawa Dental University.

Statistical analysis
Data comparisons between the two groups were analyzed by a Student’s t-test. A value of P<0.05 was considered significant. 

Computations were performed using a statistical software program (STATVIEW version 5.0; Abacus Concepts, Inc., Berkeley, CA, 
U.S.A.).

RESULTS

Isolation and purification of the 60-kDa fimbriae from P. salivosa
The fraction containing fimbrial protein was obtained from the crude fimbrial preparation of P. salivosa ATCC 49407 using a 

DEAE Sepharose CL-6B anion exchange column. The protein showed a single band with a molecular mass of 60-kDa by SDS-
PAGE (Fig. 1). Fimbrial protein was purified using DEAE-Sepharose CL-6B column chromatography and was detected as a major 
component of the main peak eluted at 0.15 M NaCl. Negative staining revealed that the fraction eluted at 0.15 M NaCl was a dense 
network of fimbrial structures (Fig. 2). To confirm the presence of the 60-kDa fimbrial protein in P. salivosa ATCC 49407, whole-
cell lysates prepared from P. salivosa ATCC 49407, P. gingivalis ATCC 33277 and P. gulae ATCC 51700 were analyzed by SDS-
PAGE followed by Coomassie staining and western blotting with PAbs against the 60-kDa fimbrial protein. By western blotting 
analysis, the PAbs against the fimbrial protein from P. salivosa ATCC 49407 reacted with only whole-cell lysates prepared from P. 
salivosa ATCC 49407, but did not react with whole-cell lysates prepared from P. gingivalis ATCC 33277 and P. gulae ATCC 51700 
(Fig. 3). Fimbrial structures were observed on the cell surface of P. salivosa ATCC 49407 by transmission electron microscopy 
using the negative staining technique (Fig. 4a). The fimbria was 0.3 ± 0.2 µm in length and 5 nm in width, which is shorter than the 
41-kDa fimbria of P. gingivalis ATCC 33277.
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Transmission electron micrograph of immunogold labeling
The expression of fimbriae on the cell surface of P. salivosa ATCC 49407 was investigated by transmission electron microscopy 

(Fig. 4a). By immunogold labeling, the fimbriae of P. salivosa ATCC 49407 were labeled with PAbs against the 60-kDa protein 
(Fig. 4b). However, gold particles were not bound to fimbriae of P. gingivalis and P. gulae (Fig. 5c and 5d). These results suggested 
that P. salivosa ATCC 49407 had only a 60-kDa fimbria.

Fig. 1. SDS-PAGE analysis of purified fimbriae isolated from 
Porphyromonas salivosa ATCC 49407. The fimbriae were 
then electrophoresed on a 12% SDS-polyacrylamide gel 
and stained with Coomassie brilliant blue R-250. Lanes: S, 
standard proteins; 1, whole cell of P. salivosa ATCC 49407; 2, 
sonic extract of P. salivosa ATCC 49407; 3, purified 60-kDa 
fimbriae.

Fig. 2. Electron micrograph of purified fimbriae. The purified protein 
from Porphyromonas salivosa ATCC 49407 was observed fimbrial 
structures. Bar, 0.2 µm.

Fig. 3. Western blot analysis of Porphyromonas salivosa fimbriae. SDS-PAGE analysis of whole cells of Porphyromonas species 
(A). The SDS-PAGE was electrophoretically transferred to a nitrocellulose membrane and incubated with a 60-kDa PAbs (B). 
The PAbs specific for the 60-kDa fimbriae strongly reacted with P. salivosa. Lanes: S, Standard proteins; 1, P. gingivalis ATCC 
33277; 2, P. gulae ATCC 51700; 3, P. salivosa ATCC 49407.
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Comparison of N-terminal amino acids
The amino acid sequence of the N-terminal 15 residues of the 60-kDa fimbrillin protein from P. salivosa ATCC 49407 and 

from other Porphyromonas species are shown in Table 1. The amino acid sequence of the N-terminal 15 residues of the 60-kDa 
fimbrillin protein (ANADGQDKPNPDFNY) had 3 of 15 residues that were the same as those of the P. gingivalis ATCC 33277 41-
kDa fimbrillin protein (AFGVGDDESKVAKLT), and 2 of 15 residues that were the same as those of the P. gulae 41-kDa fimbrillin 
protein (AFGVADDEAKVAKLTY). Furthermore, the 60-kDa fimbrillin protein-showed that only 1 of 15 residues were the same 
as those of the P. gingivalis 67-kDa fimbrillin protein, 53-kDa fimbrillin protein and P. gulae 53-kDa fimbrillin protein. The 
N-terminal amino acid sequence of the 60-kDa fimbrillin protein of P. salivosa clearly differed from previously reported fimbrillin 
proteins [4, 12, 13, 41, 48] (Table 1).

Adherence of P. salivosa to HGEC
Fimbriated P. gingivalis strains can bind to epithelial cells from human gingival tissues. Therefore, the ability of P. salivosa to 

Fig. 4. Electron micrographs of Porphyromonas salivosa ATCC 49407. Bacterial cells were cultured at 37°C anaerobically and 
negatively stained with 2% uranyl acetate. P. salivosa ATCC 49407 possessed fimbriae on its surface (a). Cells were incubated 
with the 60-kDa PAbs and then with 5 nm of colloidal gold-labeled goat anti-mouse serum. Samples were prepared by negative 
staining with 2% uranyl acetate. The fimbriae on the surface were labeled with the 60-kDa PAbs (arrows) (b). Bars, 0.2 µm.

Fig. 5. Localization of the 60-kDa fimbriae on a whole cell by immunogold electron microscopy. Bacterial cells were incubated 
with the 60-kDa PAbs. After washing with PBS, cells were incubated with goat anti-mouse immunoglobulin G conjugated with 
5-nm gold particles. The fimbriae on the surface of Porphyromonas gingivalis and P. gulae were not labeled with the 60-kDa 
PAbs. P. gingivalis ATCC 3277 (a, c). P. gulae ATCC 51700 (b, d). Negative staining (a, b). Immunogold (c, d). Bars, 0.2 µm.
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adhere HGEC was examined. The levels of adherence of the P. 
salivosa and P. gingivalis were 1.81 and 2.58%, respectively, at a 
multiplicity of infection (MOI) of 100. P. salivosa ATCC 49407 
was statistically less adherent to cultured cells than P. gingivalis 
ATCC 33277 (Fig. 6).

DISCUSSION

We purified and characterized the fimbrial protein of P. 
salivosa ATCC 49407. The purified fimbrial protein was observed 
as a single band of 60-kDa by SDS-PAGE analysis, and had 
antigenicity distinct from that of the fimbrial proteins of P. 
gingivalis and P. gulae (Fig. 3). The N-terminal amino acid 
sequence of the 60-kDa and 41-kDa fimbrillin proteins were 
identical at only 3 of 15 positions. By immunogold labeling, 
PAbs against the 60-kDa protein bound to fimbrial structures on 
the surface of P. salivosa ATCC 49407 (Fig. 4b). However, no 
reaction was observed in the protein band of P. gingivalis and P. 
gulae (Fig. 3). These indicated that the 60-kDa protein was not 
expressed by P. gingivalis and P. gulae. P. salivosa ATCC 49407 
was less adherent to HGECs than were P. gingivalis ATCC 33277 
is considered to be due to the difference in fimbrillin protein 
(Fig. 6, Table 1).

Indeed, Hamada et al. reported that P. gulae can bind to human 
oral epithelial cells in vitro. P. gulae ATCC 51700 had the same 
size and antigenicity as 41-kDa fimbriae of P. gingivalis ATCC 33277. The nucleotide sequence of the fimA gene from P. gulae 
ATCC 51700 showed 94% homology with that of P. gingivalis ATCC 33277. Moreover, the deduced amino acid sequences have 
96.8% identity [13]. These findings suggest that binding sites involved in the interaction with the human host cell not present in P. 
salivosa fimbrillin protein. However, adhesion factors involve not only fimbriae but also other factors. It is necessary to consider 
that other cell adhesion factors affect the amount of adhesion of bacteria to host cells.

P. gingivalis fimbriae are classified into six types (types I to V and Ib) based on different nucleotide sequences of the fimA genes 
encoding the 41-kDa fimbrillin protein [3]. The 41-kDa fimbriae bind specifically to and activate various host cells such as human 
epithelial cells, endothelial cells, spleen cells, and peripheral blood monocytes, which results in the release of cytokines including 
interleukin-1 (IL-1), IL-6, IL-8, and tumor necrosis factor-α (TNF-α) [15, 24, 40], as well as cell adhesion molecules including 
intercellular adhesion molecule 1 (ICAM-1), vascular cell adhesion molecule 1 (VCAM-1), and the P- and E-selectins [22, 39]. 
The fimbriae of P. gingivalis induce inflammatory cytokines in human gingival fibroblasts and murine peritoneal macrophages 
and promote the adherence of the organism to host tissues. The level of adherence of the P. salivosa was 1.81%. The assay for 
adherence of P. salivosa to epithelial cells measured both adherence and invasion after 90 min incubation. It was confirmed that P. 
salivosa could adheres to human cells.

Umemoto et al. [46] demonstrated the importance of P. gingivalis FimA for the adherence of the protein to oral cells and 
alveolar bone loss in rats, using a fimbrial gene-knockout mutant strain. P. gingivalis wild-type was more adherent to human 
gingival epithelial cells than P. gingivalis fimA-knockout mutant MPG1. However, the mean CEJ-to-ABC distance of rats infected 
with the MPG1 strain was significantly reduced compared to that of rats infected with the wild-type strain. The contribution of 
P. gingivalis to alveolar bone loss is supported by stimulation of osteoclasts, which induces bone destruction and inhibits bone 
formation. The fimbriae are required for initial attachment and biofilm formation. We think that P. salivosa fimbrial protein may 
induce of osteoclast differentiation, and inflammatory cytokine production in murine peritoneal macrophages. Future studies will be 
directed toward elucidating the biochemical and immunobiological functions of 60-kDa fimbrial proteins.

Fig. 6. Adherence of Porphyromonas salivosa cells to HGEC. 
Quantitation of viable P. salivosa cells recovered from HGEC 
was determined by a conventional adherence assay. P. salivosa 
cells were incubated with HGECs at an MOI of 100 for 90 min. 
Values are the means and standard errors of the means based on 
three individual experiments. 1, P. gingivalis ATCC 33277; 2, 
P. salivosa ATCC 49407. **P<0.01.

Table 1. The amino acid sequences of the N-terminal 15 residues of Porphyromonas species Fimbrillin

Strain Fimbriae Amino acid sequence Homology  
(%)

P. salivosa ATCC 49407 60K A N A D G Q D K P N P D F N Y
P. gingivalis ATCC 33277 41K A F G V G D D E S K V A K L T 20.0

67K A G D G Q D Q A N P D Y H Y V 6.7
P. gingivalis 381 41K A F G V G D D E S K V A K L T 20.0

53K A G D N D Y N P I G E Y G G V 6.7
P. gulae ATCC 51700 41K A F G V A D D E A K V A K L T 13.3

53K A G D N D Y N H V G E Y G G V 6.7
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