
Efficacy of FimA antibody and clindamycin in silkworm larvae stimulated with 
Porphyromonas gulae
Sho Yoshidaa, Hiroaki Inabaa, Ryota Nomurab, Masaru Murakamic, Hidemi Yasudad, Kazuhiko Nakanob 

and Michiyo Matsumoto-Nakanoa

aDepartment of Pediatric Dentistry, Okayama University Graduate School of Medicine, Dentistry and Pharmaceutical Sciences, Okayama, 
Japan; bDepartment of Pediatric Dentistry, Osaka University Graduate School of Dentistry, Osaka, Japan; cDepartments of Pharmacology, 
Veterinary Public Health II and Molecular Biology, School of Veterinary Medicine, Azabu University, Kanagawa, Japan; dYasuda 
Veterinary Clinic, Tokyo, Japan

ABSTRACT
Objective: Porphyromonas gulae, a major periodontal pathogen in animals, possesses fim
briae that have been classified into three genotypes (A, B, C) based on the diversity of fimA 
genes encoding fimbrillin protein (FimA). P. gulae strains with type C fimbriae were previously 
shown to be more virulent than other types. In this study, we further examined the host 
toxicity mediated by P. gulae fimbriae by constructing recombinant FimA (rFimA) expression 
vectors for each genotype and raised antibodies to the purified proteins.
Methods and Results: All larvae died within 204 h following infection with P. gulae type C at 
the low-dose infection, whereas type A and B did not. Among fimA types, the survival rates of 
the larvae injected with rFimA type C were remarkably decreased, while the survival rates of 
the larvae injected with rFimA type A and type B were greater than 50%. Clindamycin 
treatment inhibited the growth of type C strains in a dose-dependent manner, resulting in 
an increased rate of silkworm survival. Finally, type C rFimA-specific antiserum prolonged the 
survival of silkworm larvae stimulated by infection with P. gulae type C strain or injection of 
rFimA type C protein.
Conclusion: These results suggested that type C fimbriae have high potential for enhance
ment of bacterial pathogenesis, and that both clindamycin and anti-type C rFimA-specific 
antibodies are potent inhibitors of type C fimbriae-induced toxicity. This is the first report to 
establish a silkworm infection model using P. gulae for toxicity assessment.
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Introduction
Porphyromonas gulae, a Gram-negative black- 
pigmented anaerobe, is the predominant species of 
Porphyromonas found in the periodontal pocket in 
dogs [1]. Characterization of P. gulae has shown it to 
be a major factor related to periodontal disease in 
dogs [2]. Recent studies have reported that P. gulae 
was detected in the gingiva and other periodontal 
tissues from healthy owners of companion animals 
[3,4], and that it invaded human gingival epithelial 
cells [5]. P. gulae was also shown to inhibit cell 
migration in mammalian cells and induce production 
of inflammatory cytokines, including interleukin 
(IL)-1β, IL-6, IL-8, and tumor necrosis factor–α 
[3,6,7]. These findings suggest that P. gulae may be 
involved in the development of periodontitis.

Many important virulence factors, including fim
briae, proteases, endotoxins, and capsules, are involved 
in bacterial pathogenesis and infectious disease [8,9]. 
Fimbrillin protein (FimA), the major subunit of fim
briae, is displayed on the cell surface, where it can play 

roles in several important functions, including the capa
city to facilitate adhesion, colonization, biofilm forma
tion, signal transduction, enzymatic degradation, and 
motility [5,10,11]. For several pathogens, including 
Streptococcus parasanguis, P. gingivalis and Salmonella 
enterica, FimA has been reported to impact bacterial 
pathogenesis [12–14]. The fimbriae of P. gingivalis have 
been classified into six genotypes (types I-V and Ib) 
based on the nucleotides sequences [15]. Several phe
nomena of the host–pathogen relationship are report
edly dependent on the fimA genotype, namely 
periodontal health status, bacterial adhesion to and 
invasion of host cells, and inflammatory induction [11,
15–17], suggesting that clonal variations in fimbriae 
may be related to P. gingivalis virulence [16,17]. 
P. gulae is well known as the animal biotype of the 
human periodontal pathogen P. gingivalis [18]. 
P. gulae fimbriae are hair-like appendages on the bac
terial surface and are considered to be a critical viru
lence factor, mediating host tissues adherence and 
invasion [3]. Fimbriae from both P. gulae and 
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P. gingivalis are classified into three major genotypes: A, 
B and C, with type C showing high virulence for period
ontal disease, followed by B and then A [3,4,7]. P. gulae 
with type C fimbriae also exhibit greater levels of viru
lence in animal and human host cells compared with 
the other genotypes [4,7,19,20]. These reports suggest 
that the virulence of P. gulae may depend, to some 
extent, on the clonal diversity of fimbriae. However, 
the interaction between P. gulae infection and toxicity 
in an in vivo model has yet to be investigated.

The present study is the first to describe the silk
worm P. gulae infection model, in which we exam
ined optimal conditions for the assessment of 
virulence, and analyzed antibiotics sensitivity and 
response to anti-rFimA-specific antibodies.

Materials and methods

Bacterial culture conditions

P. gulae strains ATCC 51700 (fimA type A) [7], D040 
(fimA type B) [7], and D049 (fimA type C) [3] were 
used in this study. Each strain was isolated from an 
oral swab specimen from a dog and confirmed to be 
P. gulae using a molecular biological method 
described previously [3]. P. gulae strains were cul
tured in Trypticase soy broth (Becton, Dickinson and 
Co., Franklin Lakes, NJ, USA) supplemented with 
yeast extract (1 mg/ml), hemin (5 µg/ml), and mena
dione (1 µg/ml), as described previously [5].

Escherichia coli DH5α (Nippon Gene, Tokyo, Japan) 
and E. coli BL21 (Nippon Gene) were used as host strains 
for transformation of plasmid DNA. E. coli strains were 
grown in Luria-Bertani (LB; 1% tryptone, 0.5% yeast 
extract, 0.5% NaCl) medium; LB agar was prepared by 
the addition of 1.5% agar. When necessary, kanamycin 
sodium (100 µg/ml) was added to the medium.

Construction of plasmids containing recombinant 
fimbrillin genes

P. gulae genomic DNA was isolated as previously 
described [3] and used as a template for amplifying the 

entire fimA gene by PCR. The primers used for PCR 
were constructed from the sequences of the fimA geno
types [3] as follows: type A forward primers, 5′-GCG 
CGC GAA TTC GAG ATG AAA AAG ACT AAG-3′ 
and reverse primers, 5′-GCG CGG TTT AAG CTT TGA 
TTA CCA AGT AGC-3′; type B forward primers, 5′- 
GCG AAC GGA TCC AAG ATG AAA AAG ACT 
AAG-3′ and reverse primers, 5′-CGC TCT CTC GAG 
AGC TGA TTA CCA AAT-3; type C forward primers, 
5′- ATC GAT ATC CAC TTT TAA AAC AAA AAA 
GAG-3′ and reverse primers 5′-TTT AGT CGT TTG 
ACG GGT CGA TTA CCA AGT-3′. Each amplified 
DNA was cloned into pGEM-T Easy Vector (Promega, 
Madison, WI), then digested with the appropriate restric
tion enzyme for ligation into the pET 42a (+) glutathione 
S-transferase (GST) gene fusion-protein expression vec
tor (Novagen, Madison, WI, USA). The ligated vector 
was transformed into E. coli DH5α and colonies were 
selected on LB agar plates containing 50 µg of ampicillin/ 
ml. Plasmid DNA was obtained using the Wizard® Plus 
SV Minipreps DNA Purification System (Promega). 
Each recombinant plasmid was transformed into E. coli 
BL21 (DE3) (Nippon Gene) and the colonies were 
selected as described above.

Generation and purification of recombinant 
fimbrillin (rFimA)

Production of each rFimA was induced with isopropyl- 
b-D-thiogalactopyranoside (IPTG), and the proteins 
were purified using a modification of a method described 
previously [21]. Briefly, an overnight culture (10 ml) of 
each transformed BL21 strain was used to inoculate 
500 ml fresh LB broth containing 50 μg ampicillin/ml. 
The cultures were incubated at 37°C with vigorous shak
ing until the optical density at 600 nm reached 0.6, and 
then IPTG was added to a final concentration of 1 mM. 
After an additional 3 h of incubation to induce GST- 
rFimA fusion proteins, the cells were harvested by cen
trifugation at 2000 × g for 15 min at 4°C, and washed 
three times with phosphate-buffered saline (PBS) buffer. 
The cell pellets were suspended in the same buffer and 
ultrasonicated on ice. Supernatants were obtained by 

Figure 1.Expression of recombinant FimA in Escherichia coli BL21. (a) Coomassie blue staining of purified GST-rFimA fusion 
proteins separated by SDS-PAGE. Lane 1, rFimA type A, Lane 2, rFimA type B, Lane 3, rFimA type C. (b) Western blot analysis 
using each anti-rFimA antibody. Lane 1, rFimA type A; Lane 2, rFimA type B; Lane 3, rFimA type C. M: molecular marker.
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centrifugation and purified using a glutathione 
Sepharose™4B column (GE Healthcare, Fairfield, CT, 
USA). The purified GST-rFimA fusion proteins were 
subjected to sodium dodecyl sulfate-polyacrylamide gel 
electrophoresis (SDS-PAGE) and stained with 
Coomassie blue (Figure 1a). The purified proteins were 
dialyzed with MilliQ and freeze-dried.

Generation of anti-rFimA antisera

Rabbit anti-rFimA antibodies were generated 
using a method described previously [21]. 

Purified rFimA protein was mixed with a block 
copolymer adjuvant (Titer-Max Gold; CytRx Co., 
Atlanta, GA, USA) and injected intramuscularly 
into adult New Zealand white rabbits weighing 
1–1.5 kg (Oriental Yeast Co. Ltd., Tokyo, Japan) 
twice with a 14-day interval. One week after 
the second injection, blood was drawn, and anti
sera were collected and stored at −20°C. The anti
sera were separated by SDS-PAGE, transferred to 
a polyvinylidene fluoride membrane, and probed 
with anti-GST antibody to confirm the GST- 
rFimA antibody titers (Figure 1b).

Figure 2.Virulence of P. gulae infection in silkworm larvae. larvae were injected with 10 ml suspension of P. gulaeat. low 
dose (A; 1 × 107 CFU) or high dose (B; 5 × 107 CFU) and incubated at 37°C. The survival rate was recorded at the time points 
indicated. PBS was used as a negative control. Data are representative of three independent experiments.
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Antibiotic sensitivity of P. gulae

We used the following antibiotics: from Sigma 
(St. Louis, MO, USA), gentamicin and metronidazole; 
from Wako (Osaka, Japan), ampicillin and clindamy
cin. Freshly cultured P. gulae in the exponential phase 
of growth were employed so that antibiotics reactions 
could be observed for 24 h. Bacterial growth was 
measured on an SH-1000 Lab microplate reader 
(Corona Electric, Ibaraki, Japan) at 595 nm.

Silkworm larvae model with P. gulae and rFimA

The silkworm infection experiments were performed as 
described previously [22]. Briefly, silkworms were raised 
from fertilized eggs to four-instar larvae in our labora
tory. The hatched four-instar larvae were fed antibiotic- 
free food (SilkMate 2S, Nosan Corporation, Kanagawa, 
Japan) for 1 day. P. gulae suspensions (1 × 107 or 5 × 107 

colony-forming units [CFU] in 50 μl PBS) and rFimA 
protein (5 µg in 50 μl) were injected into the silkworm 
hemolymph through the dorsal surface of the silkworms 
(n = 10) using a 26-gauge needle (Terumo, Tokyo, 
Japan). After injection, larvae were incubated at 37°C 
and their survival rate was measured every 24 h for 
240 h. Several different concentrations of rFimA protein 
were preliminarily examined to determine the concen
tration used in this study (Supplementary Figure 1) with 
5 µg determined as the appropriate concentration for 
comparing protein efficacy.

Treatment with clindamycin and anti-FimA- 
specific antibodies

A P. gulae suspension (5 × 107 CFU in 50 μl PBS) or 
rFimA protein (5 µg in 50 μl) was injected into the 
hemolymph of the silkworms (n = 10) using a 26- 
gauge needle (Terumo), and immediately followed by 
the injection of clindamycin and anti-rFimA specific 

antisera. The survival rate was assessed every 24 h for 
240 h after injection.

Statistical analyses

Statistical analyses were performed using the compu
tational software packages StatView software (version 
5.0, SAS Institute Inc., Cary, NC, USA). Student t-test 
was utilized to compare the effect of each antibiotic. 
Survival rates of the silkworm larvae in each group 
were evaluated with a Kaplan-Meier plot, which was 
analyzed by a log-rank test. A P value of <0.05 was 
considered to be statistically significant.

Results

Generation and purification of rFimA

We generated recombinant versions of all three fimA 
genotypes of P. gulae to determine the virulence of 
each. The molecular sizes of the rFimA proteins were 
all approximately 75 kDa (Figure 1a). We also gener
ated antisera against the rFimA proteins and used 
western blotting to show that each antiserum reacted 
with its corresponding purified rFimA (Figure 1b). In 
addition, an enzyme linked immunosorbent assay 
(ELISA) was performed to analyze the results of 
each anti-rFimA assay (Supplementary Figure 2). 
Those findings demonstrated no cross-reactions and 
that specific results were obtained.

P. gulae fimbriae involved in survival rate of 
silkworm larvae

Silkworm larvae have been characterized as an animal 
model of human infection with pathogenic bacteria 
[23]. Thus, we established and examined a P. gulae 
infection model using silkworm larvae. Figure 2 shows 
that, although 30% of the control larvae had died at 

Figure 3.Effect of P. gulae rFimA protein injection on silkworm larvae. A total of 50 µl (5 µg) of each rFimA protein was 
injected into larvae and incubated at 37°C. The survival rate was recorded at the time points indicated. PBS was used as 
a negative control. Data are representative of three independent experiments. Survival rates in the silkworm larvae in each 
group were evaluated with a Kaplan–Meier plot, which was analyzed by a log-rank test (*P < 0.001).
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204 h under treatment with PBS, all of the larvae died 
within 204 h following infection with P. gulae D049 
(type C) at the low dose (1 × 107 CFU); by contrast, 
infections with P. gulae ATCC51700 (type A) and 
P. gulae D040 (type B) at the same dose were less 
virulent (Figure 2a). High-dose infection (5 × 107 

CFU) of P. gulae was found to eliminate the entire 

silkworm population at 144 h (Figure 2b). By compar
ison, at 228 h after a high-dose infection with types 
A and B, 10% of the larvae infected with P. gulae type 
A were still alive, while all of the larvae infected with 
P. gulae type B had died (Figure 2b). When larvae were 
injected with purified rFimA proteins, by the end of the 
experiment (240 h), the survival rates of those injected 

Figure 4.Inhibitory effects of antibiotics on the growth of P. gulae. P. gulae (5 × 107 CFU) was cultured in trypticase soy 
broth TSB and an antibiotic at the concentrations indicated for 24 h. after incubation, bacterial growth was measured using 
a microplate reader. Data are expressed as the relative ratio of treated/untreated cultures and represent means ± SD from three 
independent experiments analyzed with a t-test. *P < 0.05; **P < 0.01; ***P < 0.001.
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with all the rFimA proteins were lower as compared to 
those injected with GST only as well as the PBS control. 
Also, most (~90%) of the larvae injected with rFimA 
type C died, whereas the survival rate of larvae injected 
with rFimA type A or B exceeded 50% (Figure 3). We 
considered that this effect was caused by immune 
response and not cell disruption by a massive dose of 
recombinant proteins, since the survival rate of larvae 
injected with GST was only higher as compared to that 
received all recombinant proteins. These findings sug
gested that strains possessing type C fimbriae are more 
virulent in silkworm larvae than strains possessing type 
A or type B fimbriae.

Effects of antibiotics treatment on P. gulae 
infection

A recent investigation demonstrated the minimum 
inhibitory concentrations of antibiotics against 
Porphyromonas spp. and Fusobacterium spp. isolated 
from dogs [24], which was used to estimate the anti
microbial susceptibility of the examined P. gulae 
strains (Figure 4).

Clindamycin appeared to be the most effective 
against P. gulae, even at low doses (Figure 4a); by con
trast, high dose of ampicillin, metronidazole and genta
micin were required to show similar levels of bacterial 
growth inhibition (Figure 4b-d). Previously reported 
findings indicated that metronidazole and gentamicin 
may offer a potentially useful therapeutic option for the 
treatment of Porphyromonas and Prevotella spp. infec
tions [25]. Together with the present findings, it is 
suggested that clindamycin may be more effective 
against P. gulae strains as compared to ampicillin.

Inhibition of P. gulae by clindamycin led us to 
predict that clindamycin would improve survival of 
silkworm larvae infected with P. gulae. Initially, the 

inhibitory effects of a range of clindamycin concen
trations on survival rates of larvae infected with 
P. gulae with type C fimbriae were examined and 
those results made it clear that clindamycin was 
effective against that infection (Figure 5). The survi
val rates of infected larvae improved in 
a concentration-dependent manner (Supplementary 
Figure 3). When we compared the effects of clinda
mycin on survival rates of infection with strains with 
all three fimbriae types, we found that the effect on 
type A infection was negligible, whereas survival of 
larvae infected with type B and type C strains was 
significantly improved (Figure 6). These results sug
gested that, of the four antibiotics tested, clindamycin 
may be the most effective against P. gulae-mediated 
infectious disease.

Anti-rFimA antibodies improved the survival rate 
of silkworm larvae infection with P. gulae

The virulence of bacterial fimbriae has been shown to 
be diminished by the use of anti-FimA antibodies 
[11,26]. Thus, we investigated the effect of antibodies 
generated against P. gulae rFimA proteins in the silk
worm infection model. First, we examined a range of 
concentrations of type C rFimA antisera (1 to 1:1000 
dilution) for their effects on the survival of injection 
of rFimA proteins. The most effective level of protec
tion occurred at a 1:10 dilution (Figure 7), which was 
utilized in all subsequent experiments. Next, we 
examined antisera against rFimA type B and rFimA 
type C, and found that both improved the survival 
rates of larvae stimulated by the corresponding 
rFimA protein (Figure 8). When we tested each anti
serum for protection of silkworms against infection 
with each P. gulae strain type, we found that type 
C and type B antibodies each conferred a survival 

Figure 5.Effect of clindamycin on P. gulae D049 (type C) infection of silkworm larvae. Larvae (n = 10) were injected with 
a 50-µl suspension of P. gulae (5 × 107 CFU) and a 50-μl clindamycin solution (0.4 μg/ml) and incubated at 37°C. The survival 
was recorded for the time indicated. PBS was used as a negative control. Data are representative of three independent 
experiments. Survival rates in the silkworm larvae in each group were evaluated with a Kaplan-Meier plot, which was analyzed 
by a log-rank test. *P < 0.001.
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Figure 6.Effect of clindamycin on infection of silkworm larvae with different P. gulae strains. Larvae (n = 10) were 
injected with a 50-μl of P. gulae suspensions (5 × 107 CFU) (a) strain ATCC51700 (type A), (b) strain D040 (type B), or (c) strain 
D049 (type C), and a 50-μl solution of 0.4 μg/ml clindamycin, and incubated at 37°C. The survival rate was recorded for the time 
points indicated. PBS was used as a negative control. Data are representative of three independent experiments. Survival rates 
in the silkworm larvae in each group were evaluated with a Kaplan-Meier plot, which was analyzed by a log-rank test. *P < 0.05; 
**P < 0.01.
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advantage, while the effects of type A antisera were 
negligible (Figure 9).

Discussion

Experiments in mammalian animal models, such as 
cats, ferrets, dogs, monkeys, mice and rats, have been 
used to assess pathogenicity, host susceptibility and 
virulence of microbial pathogens [27–31]. 
Microorganisms are also useful as biological agents 
to induce the inflammatory response and reveal 
mechanisms of pathogenesis in the rodent mice and 
rats [30,32]. However, the use of non-human primate 
research raises many issues related to cost, ethics, 
equipment, space, facilities, animal welfare and the 
potential for zoonosis [30,33]. Accordingly, recent 
studies have shown that non-vertebrate animal mod
els, including Caenorhabditis elegans, Drosophila, 
silkworms and zebrafish, offer many advantages that 
make them versatile for research on bacterial patho
genesis and toxicity, and the assessment of antibiotics 
for infectious disease [23,34–36].

Silkworm larvae have also been useful for the 
characterization of bacterial pathogenicity, and the 
pharmacokinetics, pharmacodynamics and toxicology 
of drugs [37]. Silkworm larvae are quite commercially 
available, easily manipulated by human hands, and 
large enough to be injected by the same types of 
syringes used for human medical purposes [37]. 
Furthermore, the silkworm has an innate immune 
system akin to that in mammals, but lacks an 
acquired immune system [38]. Acquired resistance 
to pathogenic infection in silkworms, which is similar 
to a booster reaction, contributes to the enhancement 
of the immune response [39]. Silkworm muscle con
traction was previously found to be strongly 

associated with the innate immune system of silk
worms following stimulant administration [40]. 
Interestingly, E. coli LPS was found to not cause 
silkworm muscle contraction even at high doses 
[41], whereas highly purified LPS activated immune 
gene expression [42], suggesting that the recombinant 
protein expressed by E. coli could be useful for 
experiments with this model. Collectively, these 
reports indicate a high potential for a silkworm 
model as a replacement for animal experiments.

In the present study, silkworm larvae were estab
lished as a model for P. gulae infection, and used to 
assess the virulence of different strains (Figures 2 and 
Figure 3). The survival rate of silkworm larvae 
infected with P. gulae type C strain was lower com
pared with type A and type B strains (Figure 2), and 
injection of larvae with rFimA type C protein also 
dramatically lowered the survival rate (Figure 3). Our 
findings are consistent with several previous reports, 
showing virulence of P. gulae with type C fimbriae in 
mice and cultured host-cell models (5, 19, 20). The 
pathogenicity of P. gingivalis with respect to adher
ence to and invasion of epithelial cells depends on 
FimA type specificity (13). Our results suggested that 
the virulence of type C fimbriae is higher than that of 
other FimA types, and close relationships between 
each specific fimA genotypes and its pathogenesis 
were shown.

Results presented previously indicated that limita
tions of lethality–based studies of virulence are 
related to either the microbe or host variables [43]. 
Several pathogens, such as Bacillus anthracis, Vibrio 
parahaemolyticus, and E. coli, have been reported to 
show lethality in animal models [44–46]. In addition, 
there is a possibility that a P. gingivalis virulence 
factor, including fimbriae, could result in decreased 
survival of mice [17]. Moreover, P. gingivalis has been 

Figure 7.Effects of rFimA type C antisera on survival of silkworm larvae injected with rFimA proteins. Silkworm larvae 
(n = 10) were injected with 50 μl of each rFimA protein (5 μg each of type A, B and C) and anti-rFimA type C antisera, and 
incubated at 37°C. The survival rate was recorded for the time points indicated. Data are representative of three independent 
experiments. Survival rates in the silkworm larvae in each group were evaluated with a Kaplan-Meier plot, which was analyzed 
by a log-rank test. *P < 0.05; **P < 0.01.
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Figure 8.Effects of antisera raised against each rFimA protein type on silkworm larvae injected with the corresponding 
rFimA protein. Larvae (n = 10) were injected with 5 μg in 50 μl of type A (a), type B (b) or type C (c) rFimA protein, with 
without the corresponding anti-rFimA antisera (indicated concentrations), and incubated at 37°C. The survival rate was recorded 
for the time points indicated. PBS was used as a negative control. Data are representative of three independent experiments. 
Survival rates in the silkworm larvae in each group were evaluated with a Kaplan-Meier plot, which was analyzed by a log-rank 
test. *P < 0.05; **P < 0.01.
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Figure 9.Effect of antisera raised against each rFimA protein type on silkworm larvae infected with P. gulae strains. 
Larvae (n = 10) were injected with a 50 μl suspension of P. gulae (5 × 107 CFU) type A strain ATCC51700 (a), type B strain D040 
(b), or type C strain (c), and were incubated at 37°C. The survival rate was recorded at the time points indicated. PBS was used 
as a negative control. Data are representative of three independent experiments. Survival rates in the silkworm larvae in each 
group were evaluated with a Kaplan-Meier plot, which was analyzed by a log-rank test. *P < 0.001.
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shown to have the ability to invade human host cells, 
degrade cellular focal adhesion components, and 
induce apoptosis in a fimA-types-dependent manner 
[16,47,48]. Recent studies have noted that P. gulae 
organisms express several different virulence factors, 
including fimbriae, LPS, and trypsin-like proteases 
[3,7,49,50]. P. gulae LPS was found to induce inflam
matory responses in human gingival epithelial cells, 
while cell viability was not affected [49]. On the other 
hand, P. gulae proteases have been reported to 
degrade host tissue components related to growth 
and proliferation, resulting in promotion of morpho
logical changes [50]. Also, P. gulae organisms with 
type C fimbriae have been shown to have greater 
levels of virulence towards mouse and human oral 
epithelial cells [3,5]. However, in vitro lethal and/or 
toxicity models of P. gulae fimbriae related to bacter
ial infection have yet to be investigated. In the present 
study, P. gulae type C strain with recombinant FimA 
type C caused a dramatic decrease in survival rate 
(Figures 2, Figure 3; Supplemental Figure 1). The 
present findings obtained with an in vivo model sti
mulated with fimbriae are considered to reflect those 
obtained with in vitro models of P. gulae as well as 
P. gingivalis. Together, these results suggest that type 
C fimbriae are a significant virulence factor of 
P. gulae.

The silkworm infection model is also useful for 
evaluating antibiotics and novel therapeutically effec
tive agents for pathogenic bacterial infection [23,37]. 
The silkworm model is already being used to evaluate 
Staphylococcus aureus cell-wall proteins and regula
tory proteins as virulence factors, as well as antibio
tics for human infections with bacterial pathogens, 
including S. aureus, Pseudomonas aeruginosa and 
Vibrio cholerae [23,51]. Clindamycin is 
a semisynthetic derivative of the lincosamide class 
of compounds used clinically to treat gram-positive 
bacterial infections [52]. In this study, clindamycin 
demonstrated effective antimicrobial action against 
P. gulae growth, while metronidazole showed negli
gible effects (Figure 4). In addition, the effect of 
clindamycin was lower concentration as compared 
with its ampicillin (Figure 4). Further, administration 
of clindamycin during infection of silkworm larvae 
reduced the growth of P. gulae (Figure 6). 
Furthermore, the survival time of silkworm larvae 
injected with P. gulae type C was prolonged by the 
administration of clindamycin (Figure 6). 
Interestingly, clindamycin was more effective against 
P. gulae with type C fimbriae than strains with type 
A or B fimbriae, indicating that functional inhibition 
of type C fimbriae may be an important therapeutic 
target for prevention of P. gulae-mediated infectious 
disease. A previous report noted that anti-FimA anti
bodies improved arthritis mediated by microorgan
isms [26]. In addition, adhesion of type II FimA in 

P. gingivalis fimbriae to epithelial cells and bacterial 
invasion of cells were almost completely inhibited by 
anti-type II FimA antibodies [11], demonstrating the 
efficiency of anti-FimA antibodies for the reduction 
of P. gingivalis pathogenesis [11]. In the present 
study, the administration of rFimA antibodies pro
longed the survival times of larvae infected with 
P. gulae (Figures 7–9). Together, these results sug
gested that our silkworm P. gulae infection model is 
suitable for the assessment of therapeutic effective
ness of antimicrobial reagents, such as antibiotics and 
antibodies.

In conclusion, we established a silkworm P. gulae 
infection model that could be useful for the assess
ment of candidate therapeutic agents. Furthermore, 
the prolongation of silkworm survival by administra
tion of anti-rFimA antibodies could lead to the devel
opment of new therapies for periodontal diseases. 
Clindamycin is a candidate with therapeutic potential 
for anti-host-toxicity mediated by P. gulae coloniza
tion in periodontal disease.
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