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ABSTRACT
Porphyromonas gulae has been established as a pathogen in animal periodontal disease and expresses several virulence factors, 
including fimbriae, lipopolysaccharide, and proteases. P. gulae fimbriae are classified into three genotypes (A, B, and C) based 
on the fimbrillin ( fimA) gene encoding a fimbrial subunit protein. We previously reported that P. gulae organisms with type C 
fimbriae were clearly more virulent as compared to those with other fimbria types, though the basic function of this is not fully 
understood. Here, we investigated the function of fimbriae using fimA-deficient mutants. In the present study, bacterial fimbriae 
were related to biofilm tenacity, whereas biofilm formation was not. Also, P. gulae fimbriae are involved in bacterial adhesion and 
entry into gingival epithelial cells. The role of P. gulae fimbriae in bacterial pathogenicity was then determined using fimA-defi-
cient mutants with a silkworm infection model. Additionally, P. gulae infection can induce inflammatory responses in gingival 
epithelial cells and also inhibit cell migration and proliferation. In contrast, a P. gulae fimA-deficient mutant did not cause several 
of those cellular responses. Together, the results show that fimbriae contribute to the pathogenicity of P. gulae by affecting bac-
terial functions and host cell interactions.

1 | Introduction

Fimbriae, nonflagellar hair-like proteinaceous protrusions on the 
surface of bacteria, are filamentous structures composed of vari-
ous monomers [1, 2]. These filamentous structures have been char-
acterized as proteins in both Gram-positive and Gram-negative 
bacteria [3, 4]. Cell–surface organelles can be essentially divided 
into assembled and type V secretion systems [1, 2, 5]. Fimbriae 
are largely involved in horizontal gene transfer of pathogenicity 
islands, including several virulence factors [3, 6]. Moreover, these 
structures possess various features related to bacterial cell biology, 

including biofilm formation, cell aggregation, twitching motility, 
and phage transduction [3, 4]. In host cell biology experiments, 
fimbriae have been shown to contribute to the efficiency of col-
onization and possess important roles for adhesion to eukaryotic 
cells in the pathogenic process [3, 4]. Additionally, fimbria vari-
ations have relationships with bacteria-mediated diseases, such 
as diarrhea, meningitis, pneumonia, sepsis, sexually transmitted 
diseases, urinary tract infections, dental caries, and periodontitis 
[4]. These findings indicate the possibility that fimbriae have a 
direct role in microbial pathogenicity and are critical virulence 
factors possessed by bacterial pathogens [1].
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Porphyromonas gulae organisms exhibit several characteristics, 
such as black-pigmented colonies, asaccharolytic, obligate anaer-
obic growth, Gram-negative coccobacillus, and nonmotile and 
non-spore-forming cells [7]. The presence of P. gulae in canines 
and cats is known to be an indicator of periodontitis [8]. Moreover, 
P. gulae have been detected in human gingival tissues obtained 
from healthy subjects, as well as diseased sites of patients with 
bleeding and bone loss [8, 9]. P. gulae expresses several virulence 
factors, including lipopolysaccharide (LPS) and protease, as well 
as fimbriae encoded by the chromosomal gene fimA [8, 10, 11]. 
The fimA gene has three types (types A, B, and C) based on nu-
cleotide sequence differences, with fimA genotype C prevalent 
in isolates from periodontitis lesions [8]. In addition, P. gulae or-
ganisms with type C fimbriae have an ability to induce abscess 
formation in a mouse model and also inhibit human gingival 
epithelial cell migration, while those with type A or B do not 
[8]. Recent studies have reported that P. gulae has an ability to 
invade human gingival epithelial cells [10] as well as accelerate 
silkworm larvae mortality in a fimA genotype-dependent manner 
[11]. Nevertheless, the role of P. gulae fimbriae has yet to be fully 
identified or characterized.

The present study was conducted to delineate the role of P. gulae 
fimbriae in bacterial and host cell biology. Results obtained with 
fimA-deficient mutants indicate that, in addition to its effects on 
the survival of silkworm larvae, P. gulae fimbriae are required 
for adhesion and invasion efficiency, cell motility inhibition, 
and inflammatory responses in human gingival epithelial cells. 
Furthermore, P. gulae biofilm strength was found to be affected 
by the loss of fimbriae.

2 | Materials and Methods

2.1 | Bacteria and Cell Cultures

P. gulae strain D049 was grown in anaerobic jars at 37°C in tryp-
ticase soy broth supplemented with yeast extract (1 mg/mL), me-
nadione (1 μg/mL), and hemin (5 μg/mL) and on blood agar plates 
supplemented with 5% (vol/vol) sheep blood, hemin (5 mg/L), and 
menadione (1 mg/L), as described previously [10]. Escherichia coli 
DH5a was used as a recipient for all plasmids and was grown in 
Luria–Bertani (LB) broth and LB agar with appropriate antibi-
otics, as follows: ampicillin (100 mg/mL), erythromycin (10 mg/
mL), and tetracycline (1 mg/mL). Ca9-22 cells that originated 
from human gingival epithelia were obtained from the Japanese 
Collection of Research Bioresources (Tokyo, Japan) and cultured 
in RPMI1640 medium (FUJIFILM Wako, Osaka, Japan) supple-
mented with 10% fetal bovine serum (FBS) at 37°C in 5% CO2.

2.2 | Construction of P. gulae Fimbriate Mutant 
and Complementary Strains

P. gulae fimA deletion mutant (ΔfimA) and complementary mu-
tant (cfimA) strains were constructed as follows (Supporting 
Information 1: Figures S1 and S2 and Supporting Information 
2: Tables S1 and S2). Polymerase chain reaction amplification 
of the fimA region from P. gulae D049 chromosomal DNA was 
performed using FimA_F and FimA_R primers. The amplified 
fragment was then subcloned into a pANT Vector (TA-Enhancer 

Cloning Kit, Nippon Gene, Tokyo, Japan) to obtain pANT-fimA, 
and its sequence was verified. Then, the erythromycin resistance 
methylase F (ermF) region was amplified from pKD355 using 
ErmF_F and ErmF_R primers [12], after which the PCR fragment 
of the ermF region was digested with NcoI and inserted into the 
NcoI site of fimA in pANT-fimA. The resulting plasmid, which 
contained the ermF open reading frame (ORF) in the same direc-
tion as the fimA ORF, was selected. Inverse PCR using primers 
ErmF_inv and FimA_inv was then performed to move the se-
quence from the start codon of fimA to that of ermF, thereby plac-
ing ermF under control of the fimA promoter, with the resulting 
plasmid designated as pANT-ΔFimA. The pANT-ΔFimA plasmid 
was linearized by SmaI digestion and introduced into P. gulae 
D049 cells by electroporation, resulting in a ΔfimA mutant. PCR 
analysis was performed to verify correct gene replacement occur-
ring via double crossover recombination events (data not shown).

For complementation, fimA was inserted into the ermF ORF 
locus of the ΔFimA genome. To create unique XhoI and SacI 
sites in the ermF ORF of pANT-ΔFimA, inverse PCR was per-
formed using ErmF_Xh and ErmF_Sa primers, with the result-
ing plasmid designated as pANT-ΔFimA SX. The fimA region 
containing the ORF, promoter, and fimA terminator was PCR 
amplified using FimA_EX_F and FimA_EX_R primers. The 
fragment was then digested with XhoI and BamHI and cloned 
into the corresponding sites of pBluescript II SK(-) to obtain 
pBSSK_FimA. Next, pTIO-1T was digested with XbaI and SacI, 
and the fragment containing the tetQ cassette was inserted into 
the XbaI/SacI sites of pBSSK_Fim, resulting in pBSSK_FimA 
tet. Finally, the XhoI-SacI fragment from pBSSK_FimA tet 
was inserted into the corresponding sites of pANT-ΔFimA SX 
to obtain pANT-ΔFimA SX tet. pANT-ΔFimA SX tet was then 
linearized by SmaI digestion and introduced into the strain by 
electroporation, resulting in a fimA complementary mutant.

2.3 | Protease Activity Assay

Bacterial cells were harvested and adjusted to a final density 
of 5 × 107 cells for whole-cell analysis. Protease activity in cul-
ture supernatants was measured using the Pierce Protease 
Assay Kit (Thermo Scientific, Rockford, IL), with 10 μg of su-
pernatant protein used per reaction. Briefly, each sample was 
mixed with the supplied casein substrate and reaction buffer 
and incubated at room temperature (RT) for 20 min. The re-
action was then developed by the addition of trinitrobenzene 
sulfonic acid (TNBS), followed by an additional 20 min in-
cubation at RT. TNBS derivatizes newly generated primary 
amines, yielding a yellow–orange chromogenic product. 
Absorbance was measured at 450 nm using an SH-1000 Lab 
microplate reader (Corona Electric).

2.4 | Biofilm Assay

i.	 Visualization. Biofilms formed by P. gulae D049 and its 
mutants on glass plates were analyzed by confocal mi-
croscopy, as previously described [13], with some modi-
fications. Briefly, the bacterial strains (1 × 108 cells/well) 
were labeled with hexidium iodide (15 μg/mL; Molecular 
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Probes, Eugene, OR, United States) in TSB and cultured 
anaerobically for 24 h at 37°C in eight-well Lab-TeK II 
Chamber slides (Nalge Nunc International, Roskilde, 
Denmark). Visualization of the stained biofilms was per-
formed using an LSM 780 confocal laser scanning mi-
croscope with an emission wavelength of 568 nm (Axio 
Observer Z1, Carl Zeiss, Germany). The images were then 
digitally reconstructed using ZEN LITE 2012 64-bit ver-
sion (Black edition; Carl Zeiss) and exported to ImageJ, 
Version 1.48 (freeware), and biomass density was deter-
mined based on pixel intensity.

ii.	Quantification. P. gulae D049 and its mutants were inocu-
lated into TSB incubated anaerobically, and 5 × 107 cells/
well were seeded into 96-well plates (Nunc, Roskilde, 
Denmark) for 24 h. Thereafter, the medium was removed, 
and the wells were washed with phosphate-buffered saline 
(PBS), stained with 1% crystal violet (CV), and subsequently 
destained with 95% ethanol. Absorbance was determined 
at 595 nm using an SH-1000 Lab microplate reader (Corona 
Electric, Ibaraki, Japan).

2.5 | Sonic Disruption Assay

Biofilm disruption of P. gulae D049 and its mutants was per-
formed using an ultrasonic disruptor and then quantified, as 
previously described [13], with some modifications. P. gulae 
D049 and its mutants (2 × 108 CFU/well) were incubated in 
six-well plates (Nunc) for 60 h at 37°C, and the resulting bio-
films were sonicated for 5 s at Output Level 1 (output power 
25 W, oscillating frequency 28 kHz, tip diameter 2.5 mm) using 
a Handy ultrasonic disruptor (UR-20P, Tomy Seiko, Tokyo, 
Japan). Following ultrasonic treatment, supernatants contain-
ing detached cells were carefully removed by aspiration, and 
any wells containing adherent biofilms were gently washed 
with PBS. The biofilms were then stained with 1% CV, and the 
bound dye was eluted with 95% ethanol. Biofilm biomass was 
quantified by measuring absorbance at 595 nm using an SH-
1000 Lab microplate reader (Corona Electric, Ibaraki, Japan).

2.6 | Protection Assay

P. gulae adhesion and invasion were quantitated using anti-
biotic protection assay findings as described previously [10], 
with some modifications. P. gulae D049 and its mutants were 
harvested, washed, and resuspended in RPMI1640 with-
out antibiotics, and then Ca9-22 cells were infected with the 
bacteria at a multiplicity of infection (MOI) of 100 for 90 min 
on 24-well plates (Corning Costar, Cambridge, MA, United 
States) and washed with PBS. For determining total adhesion 
and invasion levels, cells were lysed with sterile distilled water 
for 15 min, and then lysate dilutions were plated and cultured 
anaerobically on blood agar plates. For invasion assays, extra-
cellular bacteria were killed with ampicillin (200 μg/mL) and 
gentamicin (300 μg/mL) for 60 min. Cells were lysed, and in-
tracellular bacteria enumerated. The resulting lysates were se-
rially diluted (100–10−7) in PBS, and 20 μL of each dilution was 
plated onto blood agar plates and incubated anaerobically at 
37°C for 4 days, after which colony-forming units (CFUs) were 
counted. The numbers of adherent and internalized bacteria 

were then determined based on CFU counts, and adhesion 
and invasion rates were calculated as percentages relative to 
the initial inoculum.

2.7 | Tetrazolium Proliferation Assay

Cells (1 × 104 cells/well) were seeded into 96-well plates 
(Corning Costar) and incubated at 37°C for 24 h, followed by P. 
gulae D049 and its mutants at an MOI of 100 for an additional 
24 h. Infected or control cell proliferation was incubated with a 
Cell Counting Kit (Dojindo, Kumamoto, Japan) for 2 h at 37°C, 
and absorbance was measured at 570 nm using an SH-1000 Lab 
microplate reader (Corona Electric).

2.8 | Cell Migration Scratch Assay

The migration capability of infected and control Ca9-22 cells 
was assessed using a wound healing scratch assay as described 
previously [14], with some modifications. Ca9-22 cells were 
cultured until confluency in six-well culture plates, and then 
a scratch was made in the confluent monolayer with a plastic 
tip. The cells were then infected with each bacterial strain at an 
MOI of 100 for 2 h and subsequently maintained in RPMI 1640 
medium containing 10% FBS for an additional 4 h, resulting in a 
total infection duration of 6 h. Cell migration was analyzed using 
ImageJ software, as described previously [15]. Throughout the 
assay, Ca9-22 cell morphology and adherence were monitored 
by phase contrast microscopy, with no apparent cell detachment 
or significant cell death observed.

2.9 | Real-Time Reverse Transcription-Polymerase 
Chain Reaction

Total RNA was isolated using TRIsure (Bioline, Luckenwalde, 
Germany) according to the manufacturer's instructions and then 
converted into cDNA using an iScript cDNA Synthesis Kit (Bio-
Rad, Hercules, CA). Real-time PCR was performed with the follow-
ing primers: for IL-β, 5′-CTTTGAAGCTGATGGCCCTAAA-3′ 
and 5′-AGTGGTGGTCGGAGATTCGT-3′ [16]; for 
COX2, 5′-CACAGGCTTCCATTGACCAGA-3′ and 
5′-GTGCTCCAACTTCTACCATGG-3′ [16]; and 
for glyceraldehyde-3-phosphate dehydrogenase 
(GAPDH), 5′-GTCTTCACCACCATGGAGAAG-3′ and 
5′-GTTGTCATGGATGACCTTGGC-3′ [16]. Negative RT reac-
tions were included in each assay. Expression values for mRNA 
were quantified by the ΔΔCt method using GAPDH as the 
control.

2.10 | ELISA

Cells (1 × 104 cells/well) were seeded into 96-well plates 
(Corning Costar) and incubated at 37°C for 24 h. Next, cells 
were infected with P. gulae D049 and its mutants at an MOI of 
100 for 4 h. Following incubation, cell culture supernatants were 
collected for IL-1β quantification, and cell lysates were prepared 
for COX2 analysis. ELISA kits were used to measure the concen-
trations of COX2 (R&D Systems, Minneapolis, MN) and IL-1β 
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(Proteintech Group Inc., Rosemont, IL, United States), accord-
ing to the manufacturer's instructions. Absorbance was deter-
mined at 450 nm, with correction to 550 nm, using a SH-1000 
Lab microplate reader (Corona Electric, Ibaraki, Japan).

2.11 | P. gulae Infection of Silkworm Larvae Model

Bacterial pathogenesis and toxicity in silkworms infected with 
P. gulae D049 and its mutants were examined as previously de-
scribed [11]. Briefly, silkworms were grown from fertilized eggs 
to the four-molt stage. Hatched four-instar larvae were given an-
tibiotic-free food (SilkMate 2S, Nosan Corporation, Kanagawa, 
Japan) for 1 day, and then bacterial suspensions (5 × 107 CFU in 
50 μl PBS) were injected into the hemolymph of the silkworms 

(n = 10). Following the injection, the larvae were further incu-
bated at 37°C without feeding, and survival was examined every 
12 h for up to 156 h.

3 | Statistical Analysis

Data were analyzed using one-way analysis of variance (ANOVA) 
with Tukey's multiple comparison test and are presented as the 
mean ± standard deviation (SD). Results presented are represen-
tative of at least three biological replicates. Silkworm survival 
rates were determined using a Kaplan–Meier plot and com-
pared with a log-rank test (StatView software, Version 5.0; SAS 
Institute Inc., Cary, NC, United States). Statistical significance 
was considered at p < 0.01 or p < 0.05.
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FIGURE 1   |   Characterization of P. gulae fimA-deficient mutant. (A) Western blotting analysis of P. gulae D049 (wild type [WT]), fimA-deficient 
mutant (ΔfimA), and complement (cfimA) strains. (B) Colonial pigmentation. P. gulae D049 WT, ΔfimA, and cfimA strains were anaerobically grown 
on blood agar plates at 37°C for 7 days. (C) Anaerobic growth profile of P. gulae fimA-deficient mutant. Growth was monitored by measuring optical 
density at 600 nm every 3 h up to 30 h. Data are shown as the mean ± SD  of three independent experiments. (D) Quantification of protease activities 
of WT, ΔfimA, and cfimA P. gulae strains (5 × 107 CFU) and supernatants (10 μg of protein contained in supernatant). Enzyme activities were deter-
mined with a microplate reader and expressed as arbitrary units. Data are shown as the mean ± SD of three independent experiments.
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4 | Results

4.1 | Construction of P. gulae fimA-Deficient Mutant 
and Complemented Strain

Construction of the P. gulaeΔfimA strain was performed by inac-
tivating the fimA gene with a double cross-over recombination in 
the P. gulae D049 strain (Supporting Information 1: Figure S1). 
The upstream and downstream regions of the fimA gene and the 
ermF DNA cassette from the pTIO-1 vector underwent PCR am-
plification. These amplified DNA fragments were then cloned 
into a pANT vector ( fimA-ermF in pANT), and the product was 
purified and transformed into P. gulae D049 following electro-
poration. The P. gulaeΔfimA strain was complemented in trans 
with the intact fimA gene carried on plasmid pTIO-1Te, after 
which the plasmid was amplified using PCR and cloned into a 
pANT vector ( fimA-tetQ in pANT) (Supporting Information 1: 
Figure S2). Western blot analysis was performed to examine the 
fimbria expression of each P. gulae strain (Figure 1A). No differ-
ence in that expression between the P. gulae parent strain and 

cfimA was observed, whereas the P. gulaeΔfimA strain was not. 
There were no differences in colonial pigmentation, bacterial 
growth, or proteolytic activity observed among the examined 
strains (Figure 1B–D).

4.2 | Biofilm Formation Associated With P. gulae 
fimA-Deficient Mutant

The long filamentous structures of Porphyromonas gingivalis, 
E. coli, Klebsiella pneumoniae, and Burkholderia pseudomal-
lei, known as pili or fimbriae, have been shown to be import-
ant for biofilm formation [17–20]. We analyzed the role of P. 
gulae fimbriae in biofilm formation using isogenic mutants. 
As shown in Figure 2A,B, P. gulae fimbriae did not have ef-
fects on biofilm formation or quantity. On the other hand, bio-
film formed by the P. gulae fimbria-deficient strain showed 
a significant decrease in tenacity, though biofilm strength 
was similar between the parental and complemented strains 
(Figure 2C).
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FIGURE 2   |   Biofilm formation by P. gulae fimA-deficient mutant. (A) P. gulae strains were stained with hexidium iodide and incubated in TSB for 
24 h. Biofilm development was observed with a confocal laser scanning microscope equipped with a 40x objective. Upper panels show horizontal 
sections (XY ), middle panels show vertical sections (XZ), and lower panels show three-dimensional images, each created by ZEN LITE (2012, 64-bit 
version). Data shown are representative of three independent experiments. (B) Integrated density measurements of P. gulae biofilms were performed. 
(C) P. gulae biofilms were formed in six-well plates. Following sonication for 5 s, the remaining biofilm was stained with CV and quantified. Data 
are shown as the mean ± SD of three independent experiments. WT (wild type) = D049, ΔfimA = fimA-deficient mutant, cfimA = complement strain. 
∗p < 0.05 by ANOVA with Tukey's multiple-comparison test compared to P. gulae WT and cfimA biofilm after sonic disruption.
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4.3 | Adhesion and Invasion of P. gulae 
fimA-Deficient Mutant

Interactions between fimbriae and human gingival epithelial 
cells are important for bacterial adhesion and invasion [21]. We 
found that P. gulae fimbria-deficient strain had a 60% reduction 
in adhesion as compared to the parent and complemented strains 
(Figure 3A). The invasive ability of the examined P. gulae strains 
is shown in Figure 3B. While the invasion abilities did not differ 
significantly among the parent and complemented strains, the 
fimbria-deficient mutant showed a 67% reduction in invasion.

4.4 | P. gulae Fimbriae Slow Proliferation and Cell 
Migration of Ca9-22 Cells

P. gingivalis has been reported to inhibit proliferation and cell 
migration [22]. Thus, findings showing bacterial adhesion and 
invasion prompted an investigation of infected Ca9-22 cell pro-
liferation and migration rate. Tetrazolium proliferation assay 
results showed that the P. gulae wild-type and cfimA strains 
inhibited the proliferation of Ca9-22 cells, whereas theΔfimA 
strain did not (Figure 4A). Additionally, scratch assay find-
ings showed that the wild-type and cfimA strains signifi-
cantly inhibited cell migration, in contrast to the ΔfimA strain 
(Figure 4B,C).

4.5 | Inflammatory Responses by P. gulae Fimbriae 
in Ca9-22 Cells

A previous study showed that P. gulae induces inflammatory 
cytokines and mediators, including IL-1β and COX2 [22]. Thus, 
we investigated whether P. gulae fimbriae have a role in the in-
flammatory responses of Ca9-22 cells to P. gulae. At the mRNA 
and protein levels, IL-1β and COX2 were increased by P. gulae 

wild-type and cfimA strains (Figure 5), while the ΔfimA strain 
did not show a significant increase. These findings indicate a 
predominant role for P. gulae fimbriae in inflammatory re-
sponses at both the mRNA and protein levels.

4.6 | Infection of Silkworm Larvae With P. gulae 
fimA-Deficient Mutant

Silkworms have been used as an animal model to investigate the 
pathogenicity of bacteria [23]. To evaluate the pathogenic poten-
tial of P. gulae fimbriae, we investigated the pathogenic role of 
P. gulae fimbriae using a silkworm-infection model (Figure 6). 
Following infection with the P. gulae wild-type or cfimA strain, 
40% of the silkworms were found dead within 156 h, while all 
infected with the ΔfimA strain remained alive.

5 | Discussion

Periodontal disease refers to both gingivitis and periodontitis 
and is an infectious condition caused by periodontal patho-
gens [24,  25], which are caused by complex interactions be-
tween the formation of biofilm and inflammatory responses. 
Based on previous findings, it is estimated that inflammatory 
response increases the risk of tissue damage by nearly 80% 
[26, 27]. Additionally, in vitro and in vivo studies have found 
relationships between virulence factors, defined as compo-
nents of a pathogen that can damage a susceptible host [28], 
and periodontal pathogenesis factors, such as bacterial cell 
invasion [10], biofilm formation [27], epithelial cell migration 
efficacy [8, 14], silkworm larvae survival [13], gingival epithe-
lial cell degradation [29], and inflammation responses [18, 30]. 
Pathogenic microorganisms have also been shown to possess 
several virulence factors, including LPS, proteases, fimbriae, 
capsules, and secretion systems [31,  32]. Among those, fim-
briae are considered to be critical factors involved in the me-
diation of host tissue interactions with periodontal pathogens, 
such as P. gingivalis and P. gulae, and also shown to be related 
to the development of periodontitis in humans and animals 
[8, 30]. Although the functions of P. gulae fimbriae have yet to 
be fully elucidated, based on the present bacterial and host cell 
biology findings, including biofilm formation, adhesion/in-
vasion efficiency, cytotoxic effects, inflammatory responses, 
and silkworm infection model results, some conclusions can 
be drawn.

Specific fimbriae (type II) confer an ability to enhance bac-
terial adhesion/invasion efficiency to P. gingivalis strains, re-
sulting in severe inflammation and periodontitis development 
[30]. Another study noted that type II P. gingivalis was more 
frequently found in deeper periodontal pockets of patients 
with severe periodontitis [33]. P. gulae organisms are closely 
related to P. gingivalis, and their type C fimbriae have similar-
ities to those of type II P. gingivalis, including the following: 
higher frequency in periodontal lesions and invasion effi-
ciency [8, 10]. The present results show that the fimA-deficient 
mutant strain inhibited adhesion and invasion, suggesting im-
portant roles for P. gulae fimbriae (Figure 3). Additionally, P. 
gulae proteases were previously found to be essential for ad-
hesion and invasion of gingival epithelial cells [10], while the 
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FIGURE 3   |   Adhesion/invasion of Ca9-22 cells by P. gulae fimA-de-
ficient mutant. Invasion of P. gulae strains was assessed by antibiotic 
protection assays. Ca9-22 cells were infected with bacteria at an MOI 
of 100 for 90 min. The number of adherent and/or intracellular bacteria 
was determined by counting viable cell lysates and is expressed as a 
percentage of bacterial cell number. Values are shown as the mean ± SD 
of three independent experiments. (A) Adhesion efficiency. (B) Invasion 
efficiency. WT (wild type) = D049, ΔfimA = fimA-deficient mutant, cfi-
mA = complement strain. ∗∗p < 0.01 by ANOVA with Tukey's multi-
ple-comparison test.
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present results indicate that bacteria adhesion and invasion 
are affected by multiple virulence factors, including fimbriae 
and proteases. These findings also indicate the possibility that 
P. gulae fimbrial proteins may be processed into their mature 
form by their proteases.

The oral cavity constitutes a unique environment in which sa-
liva, which contains numerous microorganisms, contributes 

to wound healing processes [34], with epithelial cell migration 
a critical component of wound healing and epithelial barrier 
re-establishment [35]. In the present study, infection with the 
P. gulae wild-type strain significantly inhibited gingival epi-
thelial cell migration, whereas the inhibitory effect was absent 
in cells infected with the fimbria-deficient mutant (Figure 4). 
Notably, migratory inhibition was restored in the comple-
mented strain, suggesting that suppression of epithelial cell 
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FIGURE 4   |   P. gulae fimbriae inhibit cell proliferation and cell migration of Ca9-22 cells. (A) Ca9-22 cell proliferation was determined using tetra-
zolium following infection with each P. gulae strain at an MOI of 100 for 24 h. Data are expressed as a relative infected/uninfected ratio and presented 
as the mean ± SD of three independent experiments. (B) Scratch assay to investigate migration of Ca9-22 cells infected with P. gulae strains at an MOI 
of 100. (C) Wound area was calculated using ImageJ and expressed as a percentage compared to the area at 0 h. Data are expressed as a relative in-
fected/uninfected ratio and presented as the mean ± SD of three independent experiments. WT (wild-type) = D049, ΔfimA = fimA-deficient mutant, 
cfimA = complement strain. ∗p < 0.05 by ANOVA with Tukey's multiple comparison test.
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8 of 11 Cellular Microbiology, 2026

migration is a fimbria-dependent and/or strain-specific phe-
nomenon rather than a consequence of nonspecific bacterial 
alterations. These findings are consistent with previous re-
ports demonstrating that bacterial fimbriae inhibit cell migra-
tion [36].

Epithelial cell migration is tightly regulated by dynamic mod-
ulation of cell adhesion, cytoskeletal reorganization, and 
intracellular signaling pathways [37]. The present findings 
indicate that P. gulae fimbriae interfere with these processes 
during early host–pathogen interactions, leading to reduced 
epithelial cell motility without overt cytotoxicity. Such fim-
bria-dependent suppression of epithelial migration may com-
promise wound repair at sites of infection, thereby facilitating 
persistent bacterial colonization and contributing to chronic 
inflammatory conditions associated with periodontal disease. 
However, a potential limitation of scratch (wound-healing) 
assays is that reduced wound closure may indicate not only 

impaired cell motility but also cytotoxicity or inhibition of 
cell proliferation following a bacterial infection. This possi-
bility was carefully considered when interpreting the present 
results.

In the present study, Ca9-22 cells were infected with each P. 
gulae strain for 2 h. Because of the relatively short infection 
period, it is unlikely that extensive cell death was induced 
during the subsequent wound healing observation period. 
Consistent with this, serial phase-contrast microscopic im-
aging revealed no apparent cell detachment or pronounced 
morphological damage under the infection conditions used, 
consistent with previous reports [29]. Furthermore, indepen-
dent proliferation assays of cells infected for 24 h showed no 
obvious cell detachment or marked cytotoxic changes, and cell 
proliferation was also not significantly inhibited (Figure 4). 
These findings suggest that P. gulae exerts minimal cytotoxic 
effects, even with prolonged exposure.
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FIGURE 5   |   (A, B) Elevated inflammatory response of Ca9-22 cells infected with P. gulae fimA-deficient mutant. Ca9-22 cells were stimulated 
with each P. gulae strain at an MOI of 100 for 4 h, and then protein production (for IL-1β) and cell lysate (for COX2) related to inflammatory response 
were examined using an ELISA. Data are shown as the mean ± SD  of three independent experiments. WT (wild type) = D049, ΔfimA = fimA-defi-
cient mutant, cfimA = complement strain. ∗p < 0.05  and ∗∗p < 0.01 , as compared to no infection, and †p < 0.01  and ††p < 0.05 , as compared to ΔfimA, 
based on findings of ANOVA with Tukey's multiple-comparison test.
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Despite identical MOI and incubation times across all of the 
examined strains, inhibition of wound closure was observed 
only with the wild-type and complemented strains, whereas 
the fimbria-deficient mutant showed no such effect. Had non-
specific cytotoxicity or growth inhibition been responsible for 
the reduced wound closure, similar effects would have been 
observed across all strains. Moreover, the protease activity of 
P. gulae, previously implicated in protein degradation and cell 
detachment [29], did not differ among the bacterial strains 
tested (Figure 1D). Taken together, these findings indicate 
that the observed impairment in wound healing predomi-
nantly reflects fimbria-dependent suppression of epithelial 
cell migration rather than secondary effects of cell death or 
reduced proliferation.

Various pathogens, such as uropathogenic E. coli and 
Salmonella enterica serovar Typhimurium, have been re-
ported to induce inflammatory reactions that are mediated by 
fimbriae [13, 38]. In the present study, we found that inflam-
matory responses, IL-1β secretion, and COX2 expression were 
induced by the P. gulae wild type and the complemented strain 
but not the fimbria-deficient mutant (Figure 5). These find-
ings suggest that induction of inflammatory responses in gin-
gival epithelial cells by P. gulae is dependent on the presence 
of fimbriae. These findings are consistent with a previous re-
port that noted enhancement of IL-1β and COX2 expression in 
gingival epithelial cells by P. gulae infection [16]. Importantly, 
the results obtained with fimbria-deficient and complemented 
strains in the present study further clarify the contribution 
of fimbriae to inflammatory mediator induction in gingival 
epithelial cells. As key bacterial structures involved in early 
interactions between bacteria and host cells, fimbriae have 
been suggested to function not only as adhesion factors but 
also as modulators of host cell responsiveness [39]. Based on 
our findings, P. gulae fimbriae may influence both the nature 

and magnitude of stimuli delivered to gingival epithelial cells, 
thereby promoting the production of inflammatory mediators.

In the present study, P. gulae organisms formed biofilm regard-
less of whether the FimA protein was displayed on the bacterial 
surface as a fimbrial organelle (Figure 2). On the other hand, P. 
gulae fimbriae were shown to be involved in biofilm durability. 
However, previous findings indicated that P. gingivalis fim-
bria-deficient mutants were more resistant to sonic disruption 
as compared to fimbriated strains [40]. The present findings 
are not consistent with previous reports; thus, it is suggested 
that biofilm formation and tenacity vary depending on the 
bacterial species. Additionally, the current study showed that 
fimbriae contribute to the tenacity of biofilm formed by oral 
microorganisms. Our findings suggest that the diversity of P. 
gulae fimbriae has an influence on biofilm tenacity, as well as 
pathogenicity and development of disease, and biofilm tenacity 
may contribute to the pathogenesis of periodontitis mediated 
by P. gulae.

Silkworm larvae have been reported to be suitable as an animal 
model for screening and identification of various factors, including 
antimicrobial agents, bacterial pathogenicity, and drug toxicology 
[38]. The present results suggest P. gulae fimbria pathogenicity, 
based on findings showing that use of the wild-type strain re-
sulted in a markedly reduced silkworm larvae survival rate, 
whereas the fimbria-deficient mutant did not show such effects 
(Figure 6). Previous studies have noted that fimbriae contribute 
to the pathogenicity of various bacteria, such as Pseudomonas 
aeruginosa, Neisseria gonorrhoeae, Neisseria meningitidis, Vibrio 
cholerae, Salmonella typhi, and E. coli [1, 13]. Therefore, P. gulae 
fimbriae may have potential for involvement in the pathogenesis 
of periodontal disease.

6 | Conclusion

Results obtained with a silkworm model demonstrate that P. 
gulae fimbriae have critical roles in multiple aspects of the 
pathogenesis of periodontal disease, including bacterial ad-
hesion and invasion, inhibition of epithelial cell migration, 
induction of inflammatory responses, biofilm tenacity, and 
fimbrial pathogenicity. Additionally, they indicate that fim-
bria function in concert with other virulence factors, such as 
gingipains, to enhance periodontal disease onset and devel-
opment. Namely, because of their impairment of epithelial 
wound healing, stimulation of inflammation, and enhance-
ment of biofilm stability, P. gulae fimbriae are critical con-
tributors to the chronicity and severity of periodontal disease. 
These findings not only expand understanding regarding the 
pathogenic functions of P. gulae but also highlight fimbriae as 
potential therapeutic intervention targets for the prevention 
and management of periodontitis.
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Supporting Information

Additional supporting information can be found online in the 
Supporting Information section. Supporting Information 1. Figure 
S1: Construction of fimA deletion mutants. PCR amplification of the 
fimA region from P. gulae D049 chromosomal DNA was performed 
using primers FimA_F and FimA_R. The amplified fragment was sub-
cloned into the pANT vector (TA-Enhancer Cloning Kit, Nippon Gene, 
Toyama, Japan) to generate pANT-FimA, and its sequence was verified. 
The ermF region was then amplified from pKD355 [1] using primers 
ErmF_F and ErmF_R. Next, the PCR fragment of the ermF region was 
digested with NcoI and inserted into the NcoI site of fimA in pANT-
FimA, with the resultant plasmid containing the ermF ORF in the same 
direction as the fimA ORF, subsequently selected. Inverse PCR was per-
formed using primers ErmF_inv and FimA_inv to remove the sequence 
from the start codon of fimA to that of ermF to drive ermF by the fimA 
promoter, resulting in pANT-ΔFimA. The pANT-ΔFimA plasmid was 
linearized by SmaI digestion and introduced into P. gulae D049 cells 
by electroporation, resulting in a ΔfimA mutant. Correct gene replace-
ment that occurred through double crossover recombination events was 
verified by PCR analysis (data not shown). Figure S2: Construction of 
fimA-complemented strains. To perform fimA complementation, fimA 
was inserted into the ermF ORF in the genome of ΔFimA. To create 
unique XhoI and SacI sites within the ermF ORF of pANT-ΔFimA, in-
verse PCR was performed using primers ErmF_Xh and ErmF_Sa, with 
the resultant plasmid designated pANT-ΔFimA SX. The promoter, con-
taining the fimA region ORF, and terminator of fimA were PCR ampli-
fied using FimA_EX_F and FimA_EX_R primers. The PCR fragment 
was digested with XhoI and BamHI, then ligated into the corresponding 
sites of pBluescript II SK(-) to generate pBSSK_FimA. Next, pTIO-1T [2] 
was digested with XbaI and SacI, and the fragment containing the tetQ 
cassette was inserted into the XbaI/SacI sites of pBSSK_FimA, with the 
resultant plasmid designated as pBSSK_FimA tet. An XhoI-SacI frag-
ment from pBSSK_FimA tet was then inserted into the corresponding 
sites of pANT-ΔFimA SX to obtain ΔFimA SXtet. Finally, the pANT-
ΔFimA SXtet plasmid was linearized by SmaI digestion and introduced 
into ΔFimA by electroporation, resulting in a fimA-complemented 
strain. Supporting Information 2. Supporting information table.
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