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Porphyromonas gingivalis is a Gram-negative obligate anaerobe that has been implicated in the etiology of
adult periodontitis. We recently introduced a Drosophila melanogaster killing model for examination of P.
gingivalis-host interactions. In the current study, the Drosophila killing model was used to characterize the host
response to P. gingivalis infection by identifying host components that play a role during infection. Drosophila
immune response gene mutants were screened for altered susceptibility to killing by P. gingivalis. The Imd
signaling pathway was shown to be important for the survival of Drosophila infected by nonencapsulated P.
gingivalis strains but was dispensable for the survival of Drosophila infected by encapsulated P. gingivalis
strains. The P. gingivalis capsule was shown to mediate resistance to killing by Drosophila antimicrobial
peptides (Imd pathway-regulated cecropinA and drosocin) and human beta-defensin 3. Drosophila thiol-ester
protein II (Tep II) and Tep IV and the tumor necrosis factor (TNF) homolog Eiger were also involved in the
immune response against P. gingivalis infection, while the scavenger receptors Eater and Croquemort played
no roles in the response to P. gingivalis infection. This study demonstrates that the Drosophila killing model is
a useful high-throughput model for characterizing the host response to P. gingivalis infection and uncovering
novel interactions between the bacterium and the host.

Porphyromonas gingivalis is a Gram-negative, obligate
anaerobe that has been strongly implicated as a pathogen in
adult (chronic) periodontitis (23, 29), a polymicrobial in-
flammatory disease that affects the gingiva and other tooth-
supporting structures. In order to characterize P. gingivalis-
host interactions a number of animal infection models have
been developed, the most common of which are rodent
models (6, 20, 25, 28, 40, 44). Rodent models have been used
to identify P. gingivalis components that are involved in
pathogenesis (26, 32, 43, 46, 48, 52, 56, 57, 67, 73) and to
characterize the host response to P. gingivalis infection (3, 6,
7, 13, 22, 31, 34, 35, 41, 74).

The use of the fruit fly Drosophila melanogaster has been well
established for examining host-pathogen interactions (5, 16,
19, 21, 53, 55, 65, 66). Numerous studies have demonstrated
the high degree of conservation between the Drosophila im-
mune system and the mammalian innate immune system (re-
viewed in reference 49). Like the mammalian innate immune
system, the Drosophila immune system detects the presence of
invading microbes by using pattern recognition receptors
(PRRs), which recognize pathogen-associated molecular pat-
terns (PAMPs) and trigger an immune response that is specific
for the class of invading microbe. Other mammalian immune
response features that are conserved in Drosophila include
signaling pathways (e.g., Toll/interleukin-1 receptor [IL1R],
tumor necrosis factor receptor [TNFR]), antimicrobial pep-
tides (AMPs), macrophage-like blood cells, complement C3/

�2-macroglobulin (C3/�2M) superfamily proteins, cytokines,
reactive oxygen and nitrogen species, and iron-sequestering
proteins. The use of Drosophila as a model host offers several
important advantages. The absence of an adaptive immune
response makes the model useful for studying pathogen inter-
actions with the host’s innate immune response in isolation.
The Drosophila genome sequence is known, and the Berkeley
Drosophila Genome Project has successfully inactivated 40%
of the currently annotated Drosophila genes (8), with ongoing
efforts to eventually inactivate all genes. Drosophila is geneti-
cally amenable, and well-developed genetic technologies are
available that facilitate the identification of host factors that
promote or fight infection (4, 12, 53, 70). Additionally, their
short generation time, ease of use, and affordability allow for
the use of sample sizes that are large enough to permit statis-
tical analysis of the data.

We have recently developed a Drosophila killing model for
examining P. gingivalis-host interactions (37). We observed
that P. gingivalis is pathogenic in Drosophila and that differ-
ences in the virulence of P. gingivalis strains can be observed
with the Drosophila killing model. Multiple P. gingivalis com-
ponents are involved in the killing of Drosophila, and they are
also involved in virulence in mammals. Additionally, our data
suggest that P. gingivalis killing of Drosophila involves mecha-
nisms that are host mediated. The objective of the current
study was to use the Drosophila killing model to characterize
the host response to P. gingivalis infection. Specifically, Dro-
sophila immune response gene mutants were screened to iden-
tify host factors that play a role during infection. The Drosoph-
ila Imd pathway was found to be important for the immune
response against infection by unencapsulated P. gingivalis, and
in a novel finding the P. gingivalis capsule was shown to be
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involved in mediating resistance to antimicrobial peptides.
Drosophila thiol-ester proteins II and IV and cytokine Eiger
(TNF homolog, Janus kinase [JNK] pathway ligand) were also
involved in the response against P. gingivalis infection.

MATERIALS AND METHODS

Bacterial and Drosophila strains and growth conditions. Bacterial and Dro-
sophila strains used in this study are described in Table 1. P. gingivalis strains
were grown on brucella blood agar (BBA; Anaerobe Systems) at 37°C in an
anaerobic chamber (85% N2, 10% H2, 5% CO2). Drosophila stocks were main-
tained and propagated at 26°C in standard culture vials containing corn flour-
molasses medium. Only 3- to 5-day-old female flies were used in experiments.
Transheterozygous eater null progeny [Df(3R)D605/Df(3R)TI-l e1] were gener-
ated as previously described (45) by crossing the deficiency lines B32
[Df(3R)D605/TM3 Ser,GFP] and B34 [Df(3R)Tl-I e1/TM3 Ser,GFP].

Infection of adult female Drosophila. Bacterial strains were grown in 40 ml of
Trypticase soy broth (TSB) for 24 h at 37°C. Escherichia coli was grown aerobi-
cally with shaking, while P. gingivalis was supplemented with hemin (5 �g/ml) and
vitamin K (1 �g/ml) and incubated anaerobically. The bacteria were harvested at
3,150 � g for 8 min and diluted in TSB to an optical density at 600 nm (OD600)
of 2.0 (1.09 � 1011 CFU ml�1 of P. gingivalis; 1 � 1011 CFU ml�1 of E. coli
DH5�). The bacteria were introduced into the hemocoel (body cavity) of CO2-
anesthetized Drosophila through the thorax, using a 30-gauge (G) needle dipped
into 500 �l of bacterial culture or sterile TSB for mock infections (vector controls
[VC]). The Drosophila flies were returned to the original culture vials, and the
number of surviving animals at time 0 h was recorded. The animals were incu-
bated at 30°C, and the number of dead animals was recorded every 12 h for 7
days. All experiments were repeated.

�-Galactosidase assay and microscopy. Drosophila were killed 4 h postinfec-
tion by immersion in 95% ethanol then rinsed once in 1� phosphate-buffered
saline (PBS, pH 7.4), and holes were made in the cuticle of the dead animals by
using a 30-G needle to facilitate penetration of the fixative (10). Fixing the
carcasses and assaying for �-galactosidase activity were performed as previously
described (9), with modifications. Drosophila carcasses were fixed in 5% para-
formaldehyde in 1� PBS for 10 min, rinsed three times (10 min, 10 min, and 20
min) in 1� PBS, and incubated at 37°C for 24 h in staining solution (1.8 mM
magnesium chloride, 0.9� PBS [pH 7.3], 5 mM potassium ferrocyanide, 5 mM
potassium ferricyanide, 1.2 mg/ml 5-bromo-4-chloro-3-indolyl-beta-D-galactopy-
ranoside [X-Gal] in dimethylformamide). After staining, the carcasses were
washed in 1� PBS for 2 h and immediately viewed under a microscope. Bright-
field images were taken of representative carcasses by using a Nikon Eclipse
E600 microscope equipped with a Nikon DXM 1200 digital camera.

AMP susceptibility assay. P. gingivalis strains W50UK and GPC were grown in
40 ml of TSB with hemin (5 �g/ml), vitamin K (1 �g/ml), and anaerobic incu-
bation until mid-log phase (13 to 17 h) and then harvested by centrifugation at

3,150 � g for 11 min. The bacteria were washed once in 2 volumes of 1� PBS and
diluted to approximately 4 � 106 CFU/ml in 1� PBS with 1% TSB. Fifty
microliters of this suspension was mixed in Eppendorf tubes with various con-
centrations of cecropin A from Hyalophora cecropia (Bachem, Torrance CA),
drosocin from Drosophila melanogaster (Biosynthesis, Lewisville, TX), human
beta-defensin-3 (h�d3; Aaron Weinberg, Case Western Reserve University), or
1� PBS for controls, in a final volume of 100 �l. The mixtures were incubated
anaerobically at 37°C for 3 h, after which serial dilutions were spread on BBA
plates and incubated anaerobically at 37°C for 6 days. Colony counts were
determined, and the results are expressed as percentages of the colony counts of
bacteria not exposed to AMPs. The experiments were performed with duplicate
samples (triplicates for controls) on four independent occasions.

Statistical methods. (i) Sample size. Power calculations based on pilot data
estimated that a sample size of 136 Drosophila animals per group would be
sufficient to detect a relative risk of mortality (RR) of at least 2.0 at an �-level of
0.05 with 90% power when comparing different infections. A sample size of 150
animals per group was used in all experiments. Depending on the number of
experimental groups involved, each experiment was divided into four or five parts
for feasibility. The experiments were repeated for a total sample size of 300
Drosophila animals per group.

(ii) Data analysis. Survival data were analyzed using the SAS statistical soft-
ware package (SAS Institute, Cary, NC). A Cox proportional hazards (P-H)
model was fitted to the survival data. Likelihood ratio tests were performed, and
RR values were obtained from the fitted Cox P-H model and adjusted for the
individual “experiments” and “parts.” RR values with P values of �0.05 were
considered significant.

The results of the antimicrobial peptide susceptibility assays are presented as
means � standard deviations of four independent experiments. Statistical ana-
lyses were performed via an unpaired, two-tailed t test using JMP software (SAS,
Cary, NC). A P value of �0.05 was considered significant.

RESULTS

The rationale used to select Drosophila immune response
components to test for a role in the response to P. gingivalis
infection was as follows: Lemaitre et al. compiled a list of 370
Drosophila genes (50) that are induced in response to septic
injury (17), known to function in immunity, or encode proteins
with homology to immune response components of other or-
ganisms. From this list, we identified genes that encode pro-
teins with homology to mammalian proteins for which we
could predict a role in the interaction with P. gingivalis and for
which Drosophila mutants are readily available. Using this ra-

TABLE 1. Bacterial and Drosophila strains used in this study

Strain or stock Description or genotype Source

P. gingivalis strains
W83 Lab strain Margaret Duncan
381 Lab strain Joseph Zambon
W50 Lab strain; renamed W50UK for these studies; wt for GPC Mike Curtis (1)
GPC Capsule mutant Mike Curtis (1)

E. coli DH5� Invitrogen

D. melanogaster
Canton S Wild type
key1 Kenny null; yw DD1;cn bw key1 Neal Silverman (60)
DIG 672 yw dpt-lacZ Drs-GFP Bruno Lemaitre
15936 Tep IV null; y1 w67c23;P{EPgy2}TepIVEY04656 Bloomington Stock Center (8)
20939 Croquemort null; y1 w67c23;P{EPgy2}crqEY14489 Bloomington Stock Center (8)
f02756 Tep II null; PBac{WH}TepIIf02756 Exelexis Stock Center (8)
eiger3 w�1118	egr�3	 Masayuki Miura (36)
w1118 w�1118	; wt for eiger3 Masayuki Miura (36)
BOS 32 Df(3R)D605/TM3 Ser,GFP Christine Kocks (45)
BOS 34 Df(3R)Tl-I e1/TM3 Ser,GFP Christine Kocks (45)
Eater Eater null; Df(3R)D605/Df(3R)TI-l e1 This study, and as previously described (45)
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tionale we selected six Drosophila immune response compo-
nents (Tables 1 and 2) to test for a role in the response to P.
gingivalis infection. Although the selected components play
important and varied roles in the Drosophila immune response,
they represent only a small fraction of the Drosophila immune
response components. The Drosophila immune response gene
mutants have all been previously characterized. Groups of
wild-type (wt) and immune response-defective Drosophila an-
imals were infected with P. gingivalis strain W83, strain 381, or
mock infected, and the survival of the animals was compared.
Based on results presented in our other report also appearing
in this issue (37), between 5.10 � 103 CFU and 3.17 � 104

CFU of P. gingivalis were inoculated into the animals. RR
values for pairwise comparisons of the survival of immune
response-deficient Drosophila versus wt Drosophila animals are
shown in Table 2. An RR value greater than 1 indicates that
the Drosophila immune response gene mutant was more likely
than the wt Drosophila animals to die from the P. gingivalis
infection.

Imd signaling pathway. The Imd signaling pathway is ho-
mologous to the mammalian TNF receptor signaling pathway
(39, 49), although they differ at the level of activation/detec-
tion. The Imd pathway is a major regulator of Drosophila
immune response genes (18), most notably AMP genes. In fat
body cells (the functional equivalent of the liver), the detection
of Gram-negative-type peptidoglycan (PPG) by peptidoglycan
recognition protein LC (PGRP-LC) activates the pathway. Ac-
tivation of the Imd pathway triggers a signal transduction cas-
cade that culminates in the activation of the NF-
B family
protein Relish, which then activates the transcription of AMPs,
e.g., diptericin, and other immune response genes. In key1

Drosophila the kenny gene, which encodes a subunit of the I
B
kinase complex, is inactivated, which inactivates the Imd path-
way (60). key1 Drosophila flies therefore tend to be highly
susceptible to infections with Gram-negative bacteria, e.g., E.
coli (27, 60).

Survival curves of infected and mock-infected wt and key1

flies are shown in Fig. 1. key1 Drosophila were significantly
more likely to die than wt Drosophila from an Escherichia coli
DH5� infection, as previously reported (60). No difference was
observed in the survival of wt and key1 Drosophila animals
infected with P. gingivalis strain W83 (Fig. 1A; Table 2). To
determine whether the capsule that surrounds strain W83 plays
a role in the nullification of the Imd pathway, the survival rates
of wt and key1 animals infected with the acapsular P. gingivalis
strain 381 were compared (Fig. 1B). key1 Drosophila flies were
more likely to die than wt Drosophila flies from an infection
with strain 381 (Fig. 1B; Table 2). To further examine the role
of the P. gingivalis capsule in the nullification of the Imd path-
way, Drosophila flies were infected with P. gingivalis strain
W50UK or its isogenic capsule mutant, GPC (1), and the
survival rates of the animals were compared (Fig. 1C). Strain
W50UK is highly similar to strain W83 (51). No difference was
observed in the survival of wt and key1 Drosophila flies infected
with the encapsulated strain W50UK; however, key1 Drosophila
flies were significantly more likely to die than wt Drosophila
flies from the GPC (acapsular mutant) infection (Fig. 1C;
Table 2).

To determine whether the P. gingivalis capsule can hide the
bacterium’s peptidoglycan, thereby preventing activation of the
Imd pathway, Drosophila animals that express �-galactosidase
under the control of the diptericin promoter (dipt-LacZ) were
used to monitor activation of the Imd pathway in response to
W50UK, GPC, and mock infection. Images of representative
animals are shown in Fig. 2. Animals infected with strain
W50UK (encapsulated) as well as animals infected with strain
GPC (acapsular mutant) displayed robust �-galactosidase ac-
tivity at 4 h postinfection, while mock-infected animals (VC)
displayed little or no �-galactosidase activity. The Imd pathway
was activated by both the encapsulated and capsule mutant
strains of W50UK.

To determine whether the P. gingivalis capsule can provide

TABLE 2. Drosophila immune response components tested for a role in the immune response to infection with various P. gingivalis strains

Drosophila immune response
component (comparison strains) P. gingivalis infection strain RR (comparison

strain vs wt) P valuea Component
involved?

Imd signaling pathway (key1 vs wt) W83 (encapsulated) 1 0.8 No
381 (unencapsulated) 1.4 0.006 Yes
W50UK (encapsulated) 1 0.7 No
GPC (W50UK mutant, unencapsulated) 2.2 <0.0001 Yes

Tep II (tepII�/� vs wt) W83 1.68 <0.0001 Yes
381 2.45 <0.0001 Yes

Tep IV (tepIV�/� vs wt) W83 1.5 <0.0001 Yes
381 1.5 0.0006 Yes

Eiger (egr�/� vs wt) W83 1.32 0.009 Yes
381 1.47 0.007 Yes

Croquemort (crq�/� vs wt) W83 1.1 0.4 No
381 0.9 0.4 No

Eater (eater�/� vs wt)b W83 �0.9999 No
381 �0.9957 No

a RR values for which P was �0.05 are shown in bold.
b Because eater�/� animals are naturally more susceptible to death by injury than wt animals, the reported P values are for comparisons of the RR of eater�/� versus

wt flies infected with W83 or 381 to the RR of mock-infected eater�/� versus wt flies.
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resistance to Imd pathway-regulated AMPs, strains W50UK
and GPC were exposed to a range of concentrations of
cecropin A (from Hyalophora cecropia) and drosocin (from
Drosophila melanogaster) up to their reported physiological
concentrations (49, 61), and the survival rates of the bacteria
were compared. Cecropin A from Hyalophora cecropia was
used because it has an identical activity spectrum as cecropin A
from Drosophila (61) and is readily available. The relative
survival rates of W50UK versus GPC bacteria after exposure to
cecropin A and drosocin are shown in Fig. 3A and B, respec-
tively. Strain GPC was significantly (P � 0.05) more sensitive
than strain W50UK to killing by cecropinA and drosocin, al-
though only at the physiological concentration for drosocin.
Strain GPC was also more sensitive than W50UK to killing by
h�d3 (Fig. 4C) (P � 0.05).

Teps II and IV. Teps I to IV are members of the comple-
ment C3/�2M superfamily of proteins (2, 11, 47, 49). Teps are
expressed by Drosophila fat body cells and plasmatocytes (47)
in response to Upd3 (cytokine) signaling via the JAK/STAT
pathway. Proteins in this family are involved in the opsoniza-
tion of pathogens for phagocytosis (complement) and the in-
hibition of a broad spectrum of proteases (�2M). Three Teps
(I, II, and IV) are strongly upregulated in response to bacterial
challenge (47).

Tep II and Tep IV were tested for a role in the Drosophila
immune response to P. gingivalis infection. Survival curves of
infected and mock-infected wt and tep�/� animals are shown in
Fig. 4. tepII�/� Drosophila flies were more likely to die than wt
Drosophila flies from infections with P. gingivalis strains W83
and 381 (Fig. 4A; Table 2). Similarly, tepIV�/� Drosophila flies

were more likely to die than wt Drosophila flies from infections
with P. gingivalis strains W83 and 381 (Fig. 4B; Table 2). The
data suggest a role for Tep II and Tep IV in the Drosophila
immune response to P. gingivalis infection.

Eiger. Eiger is the sole TNF superfamily homolog in Dro-
sophila (42, 54), which upon binding to its receptor Wengen
activates the JNK signaling pathway (36, 42, 54). Eiger was
tested for a role in the Drosophila immune response to P.
gingivalis infection. Survival curves of infected and mock-in-
fected wt and egr�/� animals are shown in Fig. 5. egr�/� Dro-
sophila animals were more likely to die than wt Drosophila
animals from infections with P. gingivalis strains W83 and 381
(Fig. 5; Table 2), demonstrating a role for Eiger in the Dro-
sophila immune response to P. gingivalis infection.

Croquemort. Croquemort is a CD36 superfamily protein
that is expressed on Drosophila plasmatocytes (24). It is a
scavenger receptor that has been implicated in the phagocyto-
sis of S. aureus (71). No differences were observed in the
survival of crq�/� versus wt Drosophila animals infected with P.
gingivalis strains W83 and 381 (Table 2), suggesting that Cro-
quemort plays no role in the Drosophila immune response to P.
gingivalis infection.

Eater. Eater is an epidermal growth factor (EGF) domain-
containing scavenger receptor that is expressed on Drosophila
plasmatocytes and is involved in the phagocytosis of Gram-
positive (Staphylococcus aureus) and Gram-negative (E. coli)
bacteria (45). The most similar mammalian protein to Eater is
SREC-I (scavenger receptor expressed by endothelial cells I).
Mock-infected eater�/� Drosophila animals were more likely to
die than mock-infected wt Drosophila animals (data not

FIG. 1. Survival rates of P. gingivalis-, E. coli DH5�-, and mock-infected wt and key1 Drosophila animals. wt and key1 Drosophila flies were
infected with the indicated bacteria. The legend labels are of the form Drosophila strain-infection agent. (A) Survival of W83-, E. coli DH5�-, and
mock-infected Drosophila animals. (B) Survival of 381-, E. coli DH5�-, and mock-infected Drosophila animals. (C) Survival of W50UK-, GPC
(capsule mutant)-, E. coli DH5�-, and mock-infected Drosophila animals.
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shown), suggesting that the eater�/� animals are defective in
wound healing. The differences in the survival of eater�/� ver-
sus wt Drosophila animals infected with P. gingivalis strains
W83 and 381 were similar to the differences in survival of
mock-infected eater�/� versus wt animals (Table 2), suggesting
no role for Eater in the Drosophila immune response to P.
gingivalis infection.

DISCUSSION

We recently developed a Drosophila melanogaster killing
model for examining P. gingivalis-host interactions (37), and in
the current study the killing model was used to characterize the
host response to P. gingivalis infection. The Drosophila model
has been widely used to examine the host responses to many
other bacterial pathogens. For example, Brandt et al. observed
that the Drosophila cytokine Eiger (TNF homolog) contributes
to Salmonella enterica serovar Typhimurium-induced pathol-
ogy (12), and Mansfield et al. observed that the Toll pathway is
important for the Drosophila immune response against Listeria
monocytogenes infection (53).

In this study the Drosophila Imd signaling pathway was
shown to be important for the immune response against un-
encapsulated strains of P. gingivalis but ineffective for the im-
mune response against encapsulated strains of the bacterium.
key1 Drosophila flies infected with the encapsulated P. gingivalis
strain W83 survived as well as wt Drosophila flies with the same

infection, indicating that the Imd signaling pathway is dispens-
able for the immune response against W83 infection. This is
unlike E. coli DH5� infection in Drosophila, for which a func-
tional Imd pathway is necessary and sufficient to control the
infection (27, 60). We hypothesized that the capsule, which is
present on strain W83 and absent from E. coli DH5�, may be
involved in nullification of the Imd pathway by the bacterium.
To test this hypothesis, the survival of wt and key1 Drosophila
flies infected with P. gingivalis strain W50UK (highly similar if
not identical to strain W83) versus its isogenic capsule mutant
(GPC) were compared. Similarly to the W83 infection, infec-
tion with W50UK did not result in significant differences in the
survival of key1 and wt Drosophila animals; however, key1 Dro-
sophila animals were significantly more susceptible than wt
Drosophila animals to killing by the capsule mutant GPC. To
summarize, when the capsule is removed from P. gingivalis
strain W50UK the Imd signaling pathway becomes relevant for
the Drosophila immune response against the infection. Thus,
the capsule plays a role in the nullification of the Imd pathway
by encapsulated P. gingivalis strains (e.g., W83 and W50UK).
The presence of a capsule on P. gingivalis could shield the
bacterium’s PPG from detection by PGRP-LC, thus preventing
activation of the pathway. The use of a dipt-LacZ reporter to
monitor Imd pathway activation in response to W50UK and
GPC (capsule mutant) infections demonstrated that the path-
way was activated in response to both infections. Thus, the P.
gingivalis capsule does not shield the bacterium’s PPG from

FIG. 2. Imd signaling pathway activation by P. gingivalis infection, as measured using a dipt-LacZ reporter. dipt-LacZ animals were infected with
strain W50UK, strain GPC, or mock (VC) infected and killed 4 h postinfection. Representative animals from each of the infection groups and the
tubes in which the assays were performed are shown.
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detection by PGRP-LC. It is also possible that the P. gingivalis
capsule protects the bacterium from the actions of Imd path-
way-regulated immune effectors. For example, the capsule
could act as a physical barrier to Drosophila AMPs, limiting
their interaction with the P. gingivalis cell membrane and
thereby protecting the bacteria from AMP-induced killing,

while the absence of a capsule could render P. gingivalis more
sensitive to killing by AMPs. The sensitivities of strains
W50UK and GPC to killing by the Imd-regulated AMPs
cecropin A and drosocin were therefore tested. Cecropins kill
bacteria by permeabilizing the cell membrane, which causes
lysis (69). Drosocin functions intracellularly, entering bacterial

FIG. 3. Survival of P. gingivalis strains W50UK and GPC after exposure to insect and human antimicrobial peptides. P, physiological
concentration (49, 60). Survival rates of bacteria after exposure to different concentrations of cecropin A (A), drosocin (B), or h�d3 (C) are shown.
Each point represents the mean and standard deviation of eight samples from four independent experiments, and statistically significant (P � 0.05)
survival differences between W50UK and GPC are indicated by asterisks.
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cells via lipopolysaccharide-mediated entry and kills them by
interfering with the actions of DnaK (58). Strain W50UK was
more resistant than its capsule mutant GPC to killing by the
antimicrobial peptides, demonstrating that the P. gingivalis
capsule is involved in the resistance to killing by Drosophila
Imd-regulated AMPs. These results are physiologically rele-
vant, as the AMP concentrations that were tested are within
the range reported to be present in Drosophila hemolymph (49,
61). The findings are also relevant to humans, as strain
W50UK was also more resistant than GPC to killing by h�d3,
which has the same mode of action as cecropin A. The involve-
ment of the P. gingivalis capsule in mediating resistance to host
AMPs is a novel finding; however, similar protective effects of
bacterial capsules against host AMPs have been observed with
Klebsiella pneumoniae (14) and Neisseria meningitidis (68). It is
important to note that in addition to AMPs the Imd pathway
activates multiple immune response genes and processes (an
estimated 30% of Drosophila immune response genes are reg-
ulated by the pathway). Therefore, P. gingivalis capsule inter-
action with and nullification of Imd pathway-regulated re-
sponses are likely to be multifaceted. The Imd pathway is a
major regulator of Drosophila immune response genes (18),

and although it is activated in response to infection by encap-
sulated P. gingivalis, it is dispensable for the survival of the
animals. Therefore, Imd activation by encapsulated P. gingiva-
lis could be directly toxic and/or energetically wasteful to Dro-
sophila and could contribute to the pathology induced by the
bacterium in this model. Schneider et al. suggested that Eiger
signaling induced upon infection by some intracellular bacte-
ria, which does not help fight infection, results in lethality via
mechanisms that may be directly toxic or energetically wasteful
(66). As heat-killed P. gingivalis kills Drosophila as readily as
live P. gingivalis (37), nullification of the Imd pathway by the P.
gingivalis capsule likely involves mechanisms that do not re-
quire bacterial viability.

This study demonstrated that the C3/�2M superfamily pro-
teins Tep II and Tep IV are involved in the Drosophila immune
response against P. gingivalis infection. Tep II appears to play
a bigger role in the response to infection with strain 381 versus
strain W83 (Fig. 4A). It has been suggested that Tep II func-
tions as an �2M and that alternative splicing (38) serves to
increase the diversity of proteases that can be inhibited by this
protein (11). At least one Tep II isoform and Tep IV have been
demonstrated to function as opsonins in the phagocytosis of E.

FIG. 4. Survival curves of wt, tep II�/� and tep IV�/� Drosophila flies infected with P. gingivalis strains W83 or 381. wt and tep�/� Drosophila
flies were infected with strain W83, strain 381, or mock infected (VC). Labels are of the form Drosophila strain-infection agent. (A) Survival of
wt and tep II�/� Drosophila flies; (B) survival of wt and tep IV�/� Drosophila flies.
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coli and S. aureus, respectively (70). It is likely that Tep IV
functions as an opsonin in the response to P. gingivalis infec-
tion, while Tep II may function as both an opsonin and a
protease inhibitor by virtue of its multiple isoforms. It has been
demonstrated that purified human �2M can inhibit the activity
of P. gingivalis arginine-specific proteases in vitro (30, 59) and
that C3 can bind to (15, 63) and promote the phagocytosis of
(64) P. gingivalis in vitro. The results of this study provide
strong evidence of an in vivo role for C3/�2M family proteins in
the host immune response against P. gingivalis infection.

This study demonstrated that Eiger (TNF homolog) is in-
volved in the Drosophila immune response against P. gingivalis
infection. Schneider et al. showed that Eiger fights infection by
extracellular pathogens (66) and suggested that Eiger signaling
increases the potency of Drosophila phagocytes against these
microbes. Eiger also contributes to pathology during infections
by some facultative intracellular pathogens (12, 66).

There are a number of transgenic mouse strains with defined
immune response gene mutations that have been used to study
P. gingivalis-host interactions (3, 7, 13, 33, 34, 62, 72, 74).
However, the powerful genetics of Drosophila has made it
more feasible to generate a large group of animals with defined
mutations in immune response genes and other genes. The
availability of a large number of Drosophila immune response
mutants will facilitate large-scale screening to identify host
components that play a role during P. gingivalis infection. Also,
as the Drosophila immune response continues to be character-
ized, additional components and pathways that could poten-
tially interact with the bacterium will be identified. Addition-
ally, well-developed Drosophila genetic tools, e.g., microarray
and RNA interference libraries are available for genome-wide
analysis of P. gingivalis-Drosophila interactions. As with any
animal model, the Drosophila killing model has its limitations.
Drosophila is not a natural host for P. gingivalis, and due to the
chronic, polymicrobial, multifactorial nature of adult peri-
odontitis, the Drosophila killing model does not mimic the
natural disease process. P. gingivalis interactions with the host’s
adaptive immune system cannot be studied in Drosophila,

which lacks this system. While the Drosophila model cannot be
used to identify all host components that are involved in the
immune response to P. gingivalis infection, the results of this
study clearly show that important host factors that are involved
in the immune response to P. gingivalis infection can be iden-
tified and novel findings about the interaction between the
bacterium and the host can be made using this model.

The results of this study demonstrate that Drosophila mela-
nogaster is a powerful model system for characterizing the host
response to P. gingivalis infection. We have identified several
Drosophila immune system components that are important in
the response to P. gingivalis infection. The interaction between
P. gingivalis and Drosophila is clearly multifaceted, and there
are likely additional host factors involved. Future studies in-
volving genome-wide examination of the Drosophila response
to P. gingivalis infection should provide new insights into the
interaction between the bacterium and the host.
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