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AbstrAct
An extensive analysis of dental plaque samples 
over the years has led to the identification of “red” 
complex oral bacteria that have a strong associa-
tion with each other and with disease. Consequently, 
these bacteria have been labeled ‘periopathogens’. 
Studies with one of these bacteria, Porphyromonas 
gingivalis, have revealed that it contains several 
different mechanisms which either impede or 
modulate periodontal protective mechanisms. In a 
mouse model of periodontitis, it has been shown 
that modulation of complement function by P. 
gingivalis facilitates a significant change in both 
the amount and composition of the normal oral 
microbiotia. This altered oral commensal micro-
biota is responsible for pathologic bone loss in the 
mouse. Thus, P. gingivalis creates a dysbiosis 
between the host and dental plaque, and this may 
represent one mechanism by which periodontitis 
can be initiated. We have therefore termed P. gin-
givalis a keystone pathogen.

KEY WOrDs: bacteria, innate immunity, micro-
bial ecology, microbiology, periodontal disease(s), 
periodontitis.

Periodontitis has a rich history of proposed microbial etiologies, eloquently 
described by Socransky (Socransky and Haffajee, 1994). The varied 

hypotheses presented over the years have implicated possible etiological 
agents drawn from almost the complete range of the animal kingdom. This 
history underscores the difficulty in understanding the complex interactions 
between diverse microbial communities and the host. However, because of 
the relative ease and non-invasive nature of sampling the oral cavity, it has 
been possible to conduct comprehensive analyses of the oral microbiota in 
both health and disease (Socransky et al., 1998). Among other findings, these 
studies led to the identification of a “red” complex: 3 species of oral bacteria 
– Porphyromonas gingivalis, Tannerella forsythia, and Treponema denticola 
– whose detection was strongly associated with each other and with diseased 
sites. This landmark work and other contemporaneous studies (e.g., Curtis 
et al., 2011) naturally led to the investigation of potential virulence factors 
for these bacteria, for a fuller understanding of their association with disease. 
Since P. gingivalis has long been associated with periodontal disease, has a 
well-characterized population structure, and, critically, is the easiest of these 3 
bacteria to grow and genetically manipulate, it consequently became the most 
well-studied (Lamont and Jenkinson, 1998; Curtis et al., 2001).

However, studies with P. gingivalis presented an apparent paradox in 
which a bacterium that was strongly associated with an inflammatory disease 
was not a potent inducer of inflammation. For example, the lipopolysaccha-
ride (LPS) of P. gingivalis revealed an unusually low inflammatory potency, 
and, in fact, a P. gingivalis lipid A structure acting as TLR4 antagonist that 
inhibits inflammation has been discovered and characterized (Darveau et al., 
1995). These surprising results stand in contrast to the well-characterized, 
highly inflammatory LPS obtained from Escherichia coli and many other 
Gram-negative bacteria (Munford and Varley, 2006). Furthermore, P. gingiva-
lis was unusual in that it did not induce IL-8 secretion by gingival epithelial 
cells, unlike a variety of other oral bacteria and, in fact, inhibited the secretion 
of this potent chemokine for neutrophil recruitment (Darveau et al., 1998). 
This phenomenon was termed ‘local chemokine paralysis’ and reinforced the 
emerging view that P. gingivalis did not demonstrate characteristics normally 
associated with a bacterium contributing to an inflammatory disease. More 
recently, continued studies with P. gingivalis have revealed that it is an excel-
lent immune manipulator, in that it is able to selectively induce only a limited 
repertoire of inflammatory responses from leukocytes through receptor cross-
talk mechanisms (Hajishengallis et al., 2008; Liang et al., 2011). Specifically, 
it can inhibit leukocyte-mediated bacteria-killing mechanisms (Wang et al., 
2010). These apparent paradoxes can be explained, however, if periodontitis 
is viewed as a community disease reliant upon an entire dysfunctional micro-
biota, as opposed to the traditional view of a conventional infectious disease 
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caused by a single or even multiple select periopathogens 
(Hajishengallis et al., 2011).

Initially, evidence that the commensal microbial community 
may significantly contribute to periodontitis was obtained when 
the disease experience of germ-free (GF) mice, which are not 
colonized with any bacteria, was compared with that of normal 
specific-pathogen-free (SPF) mice in the well-established P. 
gingivalis gavage model (Baker et al., 2000). Although both 
SPF and GF mice were colonized in the oral cavity with P. gin-
givalis to the same extent, only SPF mice developed bone loss. 
Remarkably, though only approximately 100 P. gingivalis cells 
per maxilla (ranges from 50-350, representing < 0.01% of the 
total bacterial cells)/SPF mouse could be detected on the basis 
of quantitative real-time PCR, there was a very significant 
change in the commensal microbiota. First, the total microbial 
load measured on the basis of colony-forming units in oral 
swabs of P. gingivalis-infected SPF mice rose by approximately 
2 log10 units. Second, there was a qualitative shift in the popula-
tion structure of this commensal microbiota, leading to loss of 
detection of some organisms and the appearance of others. The 
demonstration that P. gingivalis colonized both GF and SPF 
mice, yet only SPF mice developed bone loss, coupled with the 
significant changes in the oral commensal community indicated 
that P. gingivalis induced dysbiosis, or a microbial shift in the 
commensal composition. Furthermore, the lack of disease in GF 
mice indicated that the commensal bacteria themselves are nec-
essary for and directly contribute to the bone loss observed in 
this model.

Two independent experimental approaches confirmed that 
oral commensal bacteria directly contribute to bone loss in the 
mouse. Initially, it was observed that GF mice have significantly 
more alveolar bone when compared with strain- and age-
matched SPF mice. These measurements, which determine the 
gap between the alveolar crest and the cement-enamel junction, 
were less in GF mice. The first experimental evidence that com-
mensals cause bone loss was the demonstration that as the SPF, 
but not the GF, mouse ages, the distance between the alveolar 
crest and the cement-enamel junction increases. This “natural” 
bone loss was associated with an increase in numerous inflam-
matory mediators in the oral tissues of SPF compared with those 
of GF mice, indicating that commensals naturally stimulate 
periodontal tissue, and this results in some non-pathologic bone 
loss. The second approach demonstrated that the acquisition of 
oral commensals by GF that have been co-caged with SPF mice 
resulted in bone loss. In these experiments, it was determined 
that after 2 wks of co-caging, GF mice had acquired an oral 
microbiota identical to that of SPF mice, and after 16 wks, the 
GF mice had lost bone to levels similar to those of their strain-
matched SPF cage-mates. Analysis of these data demonstrated 
that bone loss in the mouse is a natural result of commensal 
colonization and represents a manifestation of the homeostatic 
relationship between the host and its oral microbial community.

Next, it was found that the natural bone loss induced by com-
mensal colonization required complement. SPF mice deficient 
in either the C3a or C5a receptor (C3aR-/- or C5aR-/-) appeared 
similar to the GF mice in that they had more alveolar bone than 
their strain- and age-matched wild-type controls. Furthermore, it 

was found that one mechanism by which P. gingivalis induces 
accelerated bone loss in this mouse model was by disrupting the 
homeostatic relationship between the commensal oral microbi-
ota and the complement system. C3aR-/- or C5aR-/- mice neither 
lost bone nor displayed a significant change in the number of 
commensal oral bacteria after gavage with P. gingivalis. 
Consistent with earlier observations that P. gingivalis can 
manipulate the host complement system through the gingipain-
dependent proteolytic cleavage of complement and subsequent 
cross-talk on the leukocyte cell surface (Liang et al., 2011), a 
gingipain-deficient P. gingivalis strain (rgpA-/-, rgpB-/-, kgp-/-) 
also failed to induce bone loss or increase the oral commensal 
microbiota. Therefore, it appears that P. gingivalis can modulate 
the commensal-host homeostasis dialogue by altering comple-
ment function. This modulation increases inflammation and 
bone destruction. It was estimated that the bone loss seen in 
young SPF mice after 6-week colonization by P. gingivalis is 
equivalent to the bone loss seen in untreated SPF mice (i.e., not 
inoculated with P. gingivalis) at 18 mos of age.

Finally, these studies (Hajishengallis et al., 2011) demon-
strated that P. gingivalis was not necessary to induce bone loss 
when immune deficiencies in the host altered the homeostatic 
relationship with the oral commensal microbiota. For example, 
mice deficient in neutrophil homing to the junctional epithe-
lium, because of either the lack of the neutrophil leukocyte 
integrin, LFA-1, or the absence of the chemokine receptor, 
CXCR2, displayed an increase in the oral commensal microbi-
ota and developed significant bone loss when compared with 
their wild-type control strains. In fact, the bone loss in LFA-1-/- 
mice was correlated with an increase in the numbers of oral 
commensal bacteria in these knock-out animals, and this bone 
loss did not occur when antibiotics were administered. This is 
similar to a much earlier publication in P- and E-selectin double-
knockout mice which showed the same effect of an increased 
oral microbial load and increased bone loss, compared with 
wild-type mice, which was abrogated upon the administration of 
antibiotics (Niederman et al., 2001). Analysis of these data dem-
onstrated that disruption of periodontal homeostasis by several 
different mechanisms can result in bone loss, but the contribution 
of the commensal microbiota appears to be a common factor.

Based upon the fact that P. gingivalis was present in low 
abundance yet had such a profound effect on both the amount 
and composition of the oral microbiota, leading to periodontitis, 
we have designated this bacterium a “keystone” species. The 
concept of a keystone species derives from ecological studies 
and is defined as a species that is present in low abundance yet 
provides a major supporting role for an entire ecological com-
munity (Paine, 1969; Power et al., 1996). We were able to dem-
onstrate that the continued presence of low numbers of 
P. gingivalis was required for the significant increase in mouse 
oral microbiota which was associated with disease. Moreover,  
P. gingivalis could be viewed as a ‘keystone pathogen’, that is, a 
keystone species which supports and remodels a microbial com-
munity in ways that also promote disease pathogenesis (Fig.).

Although P. gingivalis is not a natural periopathogen in mice, 
several observations indicate that P. gingivalis may act as a 
keystone pathogen in human disease. First, the mouse model is 
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similar to humans in that a significant increase in the total oral 
microbial load (including oral commensals) is observed in dis-
ease when compared with health (Darveau et al., 1997). Second, 
the innate defense status, including complement and neutrophil 
transit, is similar in mice and humans (Page and Schroeder, 
1982), allowing for the investigation of periopathogen effects on 
the innate defense system. Third, consistent with the keystone 
pathogen hypothesis in mice (Hajishengallis et al., 2011), in that 
oral commensal bacteria induce destructive inflammation, stud-
ies with human dental plaque obtained from either healthy or 
diseased sites have revealed that they are both potent inducers of 
inflammation through either TLR2 or TLR4 (Yoshioka et al., 
2008). This observation demonstrates that human oral commen-
sal communities in both health and disease have a similar poten-
tial to induce inflammation. Moreover, the specific targeting of 
P. gingivalis adversely affects the total subgingival bacterial 

load even in hosts (non-human primates) where P. gingivalis is 
a natural inhabitant of the periodontal biofilm (Page et al., 
2007).

Furthermore, consistent with a keystone contribution of P. 
gingivalis to disease, studies in humans have shown that P. gin-
givalis is present in low abundance when compared with the 
total oral microbiota in diseased sites (Kumar et al., 2006). 
Furthermore, both non-human primate (Page et al., 2007) and 
rabbit (Hasturk et al., 2007) animal models of periodontitis have 
shown that the introduction of P. gingivalis significantly 
increases the total oral microbial load and alters its composition, 
leading to dysbiosis (Hasturk et al., 2007). In addition, selective 
removal of P. gingivalis by the addition of a C5aR antagonist 
(Hajishengallis et al., 2011) or by immunization in non-human 
primates (Page et al., 2007) subsequently reduced the microbial 
load and attenuated bone loss. These data are all consistent with 

Figure. The red complex bacterium P. gingivalis causes inflammation and bone loss by remodeling the oral commensal microbiota. (A) Studies 
have shown that P. gingivalis modulates innate host defense functions that can have global effects on the oral commensal community. Immune 
subversion of IL-8 secretion, complement activity, or TLR4 activation can result in an impaired host defense. The inability of the host to control the 
oral commensal microbial community in turn results in an altered oral microbial composition and an increased microbial load. This alteration from 
a symbiotic to a dysbiotic microbiota is responsible for pathologic inflammation and bone loss. (b) P. gingivalis, a low-abundance oral anaerobic 
bacterium (shown as a fimbriated reddish rod), exploits complement (depicted in red and white) and subverts leukocytes (in gray), leading to 
alterations in the amount and composition of the oral commensal microbiota (brown rods). Collectively, these changes disrupt host homeostasis 
and lead to destructive inflammatory periodontitis (indicated by the reddened/inflamed tissue and osteoclast-mediated bone erosion). The disease 
requires the presence of the commensal microbiota and intact complement pathways, since P. gingivalis fails to cause periodontitis in germ-free 
mice or in conventionally raised mice deficient in the complement anaphylatoxin receptors.
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P. gingivalis being a keystone species in the dysbiosis associated 
with periodontitis.

Nevertheless, it is not clear why P. gingivalis, which may 
also be found in the periodontal microbiota of healthy individu-
als, is not routinely associated with disease. The most likely 
explanations, which are not mutually exclusive, involve changes 
in either the bacterium or the host. For example, the pathogenic-
ity of P. gingivalis may depend upon strain and virulence diver-
sity within the population structure of this bacterium, which in 
certain cases may have co-evolved with its host in ways that 
allow for its co-existence and persistence without detrimental 
effects on host tissue (Yilmaz, 2008). It was further posited that 
local changes in the environment may affect this delicate rela-
tionship. For example, P. gingivalis protease production is regu-
lated by local environmental conditions (Curtis et al., 2001), and 
conditions which promote its secretion may result in the modu-
lation of complement activity, as we have described in the 
mouse (Hajishengallis et al., 2011). Conversely, changes in the 
status of the host may also result in an increased ability of P. 
gingivalis to act as a keystone species. We have recently shown 
that aging adversely affects the ability of the host to regulate 
neutrophil recruitment and inflammation (Eskan et al., 2012), 
and these environmental changes in the periodontium may 
facilitate the ability of P. gingivalis to capitalize on its keystone 
phenotype. Moreover, it is possible that certain individuals can 
either resist or tolerate the conversion of the microbiota from a 
symbiotic to a dysbiotic one, by virtue of their intrinsic immuno-
inflammatory status (e.g., hyporesponsive or lack-of-function 
polymorphisms that attenuate inflammation or microbial 
immune subversion). Indeed, there are clinical cases of indi-
viduals who are periodontally healthy despite massive accumu-
lation of dental plaque at dento-gingival sites.

In summary, we have shown that, in a validated animal model 
of periodontitis, P. gingivalis contributes to disease in an indirect 
fashion. Rather than a direct assault on host periodontal tissue, its 
presence, even at low abundance, alters the total commensal 
microbial load and composition, which overwhelms normal host-
tissue-protective mechanisms and results in disease. Ingeniously, 
P. gingivalis accomplishes this significant microbial change by 
inhibiting key features of the normal host-protective mechanisms 
in the periodontium. Importantly, the P. gingivalis-induced dysbi-
otic effects can be reversed by pharmacologic blockade of the 
complement receptors that P. gingivalis exploits. It should be 
noted, however, that complement is one target of P. gingivalis 
action that does not necessarily exclude other innate host defense 
functions whose manipulation may facilitate significant changes 
in the oral microbial community. Moreover, other putative 
periopathogens of the oral microbial community may also disrupt 
the homeostatic relationship between dental plaque and the host. 
In this regard, SPF mice with defective leukocyte recruitment 
(CXCR2KO and LFA-1KO) display dramatic bone loss relative 
to age-matched wild-type controls (Hajishengallis et al., 2011). 
Consequently, P. gingivalis or other bacteria that could interfere 
with mechanisms of leukocyte trafficking to the periodontium 
could thereby contribute to periodontal disease pathogenesis. The 
fact that healthy mice show modest bone loss (by comparison 
with germ-free mice; Hajishengallis et al., 2011) demonstrates 
that commensal bacteria have multiple opportunities to interfere 

with the multitude of tissue functions that maintain periodontal 
structure and function, especially when environmental or host 
genetic factors are not favorable for maintaining homeostasis. 
Interference with innate host protection is one mechanism; others 
could include modulation of collagen deposition, epithelial cell 
proliferation, and other tissue homeostatic mechanisms necessary 
for a properly functioning periodontium. Future studies will likely 
uncover some of these approaches used by commensal oral bac-
teria that have co-evolved with us, yet are not always friendly to 
our tissue.

Conversely, although our data are consistent with alterations 
in the oral commensal bacterial community being directly 
responsible for disease, we cannot exclude the possibility that a 
low-abundance pathogen is also increased in the presence of  
P. gingivalis and may have direct effects on host periodontal 
function. Furthermore, it must be considered that adult chronic 
periodontitis most likely has multiple etiologies, and the pres-
ence of P. gingivalis is just one of several that have yet to be 
elucidated. This becomes more evident when one considers that 
an inflammatory disease such as periodontitis fundamentally 
represents a disruption of tissue homeostasis; therefore, at least 
in principle, any factor (whether microbial or host-based) that 
can destabilize the homeostatic balance with the periodontal 
microbiota can contribute to the pathogenesis of periodontitis.
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