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Abstract
An emerging concept is the tight relationship 
between dysbiosis (microbiota imbalance) and dis-
ease. The increase in knowledge about alterations 
in microbial communities that reside within the 
host has made a strong impact not only on dental 
science, but also on immunology and microbiol-
ogy as well as on our understanding of several 
diseases. Periodontitis is a well-characterized 
human disease associated with dysbiosis, charac-
terized by the accumulation of multiple bacteria 
that play individual and critical roles in bone loss 
around the teeth. Dysbiosis is largely dependent on 
cooperative and competitive interactions among 
oral microbes during the formation of the patho-
genic biofilm community at gingival sites. Oral 
pathobionts play different and synergistic roles in 
periodontitis development, depending on their 
host-damaging and immunostimulatory activities. 
Host immune responses to oral pathobionts act as 
a double-edged sword not only by protecting the 
host against pathobionts, but also by promoting 
alveolar bone loss. Recent studies have begun to 
elucidate the roles of individual oral bacteria, 
including a new type of pathobionts that possess 
strong immunostimulatory activity, which is criti-
cal for alveolar bone loss. Better understanding of 
the roles of oral pathobionts is expected to lead to 
a better understanding of periodontitis disease and 
to the development of novel preventive and thera-
peutic approaches for the disease.
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Periodontitis, a Prototype of Dysbiosis-associated 
Disease

Direct attack is not the only way that microbes cause disease. Previous stud-
ies on infectious diseases have focused extensively on pathogenic microbes 

that directly damage tissues in the host. However, evidence is accumulating that 
another set of microbes can also induce disease or contribute critically to disease 
development. These microbes live as normal residents on the skin, and inter-
nal cavities, particularly the intestines of animals, including humans, are called 
commensals (Chow et al., 2011). Among them, a particular group of commen-
sals can cause or promote disease, and these commensals are often called patho-
bionts. The concept “pathobiont” includes some opportunistic pathogens that 
live as commensals in healthy hosts but can cause disease in susceptible hosts 
(e.g., immunodeficient individuals). The overgrowth of pathobionts is often 
triggered by immunodeficiency, pathogen infection, and treatment with antibi-
otics and host-damaging drugs (Chow et al., 2011) (Fig. 1A). In addition, the 
overgrowth of some pathobionts can result in secondary infection or infection 
by opportunistic pathogens, but little is known about the roles of pathobionts in 
oral diseases including periodontitis, a common dental disease.

Periodontitis is one of the most well-characterized human diseases associ-
ated with dysbiosis (Socransky et al., 1998; Jenkinson and Lamont, 2005; 
Darveau, 2010). Chronic periodontitis in adults is associated with poor dental 
hygiene, which induces dysbiosis with accumulation of a group of host-
damaging bacteria called “red complex” bacteria that include Porphyromonas 
gingivalis (Pg), Tannerella forsythia, and Treponema denticola (Fig. 1B) 
(Socransky et al., 1998). Non-culture-based studies further identified 
Filifactor alocis, unnamed Treponema, Prevotella, Selenomonas, 
Peptostreptococcus, Anaeroglobus, and Desulfobulbus spp., unclassified 
Lachnospiraceae, Synergistetes, and TM7 species as the dominant bacterial 
species associated with periodontitis development (Paster et al., 2001; Griffen 
et al., 2012). Red complex bacteria possess high levels of protein-degrading 
activity that is largely mediated by proteases including gingipains (Pg), PrtH 
(T. forsythia), and dentilisin (T. denticola), and these bacterial proteases 
appear to be important for virulence (Saito et al., 1997; O’Brien-Simpson  
et al., 2001; Bamford et al., 2007). Pg is an assaccharolytic bacterium that 
grows poorly on glucose as an energy source, but grows well in the presence 
of amino acids derived from cleaved products of host proteins (Shah and 
Williams, 1987). Pg also damages the barrier function of gingival epithelium 
via the production of gingipains (Katz et al., 2000; Groeger et al., 2010), 
which is important for the induction of inflammation. Accumulation of red 
complex bacteria is supported by other oral commensals that physically and 
metabolically interact with red complex bacteria. These include streptococci, 
the pioneer colonizers on the surfaces of host epithelium and tooth, and 
Fusobacteria, which interact with red complex and other bacteria to facilitate 
the formation of a more complex microbial community at anaerobic  
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periodontal pockets (Socransky et al., 1998; Kolenbrander  
et al., 2002) (Fig. 1B). Colonization of Pg also contributes to 
dysbiosis by interfering with the complement-mediated immune 
system (Hajishengallis et al., 2011), which led to the hypothesis 
that keystone bacteria such as Pg trigger dysbiosis and the 
alteration of host immune responses, and that other bacteria 
orchestrate inflammatory disease (Hajishengallis et al., 2012). 
Aggregatibacter actinomycetemcomitans (Aa) is another bacte-
rium which is tightly, but not completely, associated with a par-
ticular form of periodontitis, called aggressive or juvenile 
periodontitis, rather than with chronic periodontitis (Henderson  
et al., 2010; Fine et al., 2013). Aa JP2 strains secrete high levels 
of leukotoxin, an RTX-type toxin that damages host cells 
(Henderson et al., 2010). Therefore, both chronic and aggressive 
periodontitis are associated with bacteria that damage host soft 
tissues that is critical for the development of alveolar bone loss.

Metabolic Interactions of 
Pathobionts at Gingival 
Sites

Dysbiosis in periodontitis development 
is dependent on metabolic and physical 
interactions and competitive toxicity 
among oral bacteria (Fig. 2). For example, 
red complex bacteria are obligate anaer-
obes, and many in the periodontitis-
associated non-red complex are obligate 
anaerobes or microaerobes. Therefore, 
anaerobic growth conditions are required 
for the accumulation of red complex 
bacteria. The genomes of Pg (W83, 
ATCC 33277, and TDC60; GenBank 
accession NC_002950, NC_015571, and 
NC_010729, respectively) and T. for-
sythia ATCC 43037 (GenBank accession 
NC_016610) lack several orthologues of 
E. coli heme biosynthesis genes 
(Schobert and Jahn, 2002). Therefore, 
growth of these bacteria requires exoge-
nous heme. Potential sources of heme 
are other bacteria that synthesize heme, 
and this might be one of the reasons why 
Pg and T. forsythia are dependent on 
other oral bacteria for growth. The 
dependency of T. forsythia on N-acetyl 
muramic acid also suggests metabolic 
interaction of T. forsythia with other 
bacteria that release small peptidogly-
can-related molecules (Wyss, 1989). 
However, Pg also possesses the ability to 
sense and recover heme from host tis-
sues, suggesting that another source of 
heme in vivo is potentially the host 
(Scott et al., 2013). At the bottom pocket 
of the cemento-enamel junction, host 
factors are the only available major 
energy source for red complex bacteria. 

Although the genetic basis of the assaccharolytic feature of Pg 
remains poorly understood, it could be explained at least in part 
by the fact that the major energy source for Pg are amino acids, 
which are derived from the degradation of host proteins by bac-
terial proteases (Schobert and Jahn, 2002; Henderson et al., 
2010; Hajishengallis et al., 2011, 2012; Fine et al., 2013). 
Metabolomic analysis showed that there are increased amounts 
of amino acids and other digested macromolecules in oral fluid 
from periodontitis patients (Barnes et al., 2011), suggesting that 
bacteria can commonly share energy sources produced by red 
complex and other bacteria. Conversely, these common nutri-
tional sources are competitively used by several bacteria for 
their growth, and the latter is likely to affect the composition of 
the microbiota in addition to other competitive mechanisms, 
described below. Several studies with probiotic bacteria in vitro 
suggest that understanding of the inhibitory interactions between 

Figure 1.  Role of pathobionts and dysbiosis in periodontitis. (A) Pathobionts and associated 
disease. Pathobionts could be colonized as one of the resident bacteria (commensals) in 
human bodies without any obvious symptoms. Once dysbiosis is induced by environmental 
changes (e.g., antibiotic treatment, accumulation of other microbes or epithelial barrier 
disruption), pathobionts cause significant changes in host health. Alternatively, changes in 
hosts and bacteria, for instance, by genetic variations and immunological defects, affect the 
virulence of pathobionts, resulting in disease development. (B) Dysbiosis during periodontitis 
development. Even healthy individuals harbor about 700 bacterial species in the oral cavity, 
and oral bacteria constitute a community on enamel and epithelial surfaces, and in oral fluid. 
The first event at a periodontal site is colonization of the pioneer bacteria that form the biofilm. 
The pioneer bacteria include Streptococcus species, which strongly interact with host cells. 
Other indicated biofilm community members are also able to colonize and grow with 
co-aggregation. Putative pathogens such as F. nucleatum likely act as scaffolds to bridge 
multiple bacteria and to facilitate colonization by additional biofilm-forming community 
members. The poor availability of energy sources from foods enforces specific bacteria to 
obtain energy from host factors by damaging host tissues. These host-damaging bacteria 
include the red complex bacteria (P. gingivalis, T. forsythia, and T. denticola), which possess 
high protease activity, and toxin-secreting A. actinomycetemcomitans (Aa). Several keystone 
pathogens, including the red complex bacteria, possess the ability to avoid host detection to 
optimize their acquisition of energy sources from the host. In addition, the keystone pathogen 
hypothesis proposes that immunological interference by keystone pathogens further establishes 
dysbiosis. Finally, environmental changes induced by keystone pathogens facilitate colonization 
of additional pathobionts that stimulate host immune responses, which results in periodontitis.
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oral pathobionts and other oral bacteria may provide new thera-
peutic approaches against periodontitis (Bizzini et al., 2012).

Regulation of Bacteria-Bacteria 
and Bacteria-Host Cell Interactions 
by Adhesion Factors Produced by 
Periodontitis-associated Pathobionts

Other mechanisms utilized by specific bacteria at gingival sites 
located near the area of bone loss are dependent on physiologi-
cal interactions among bacteria. Red complex bacteria possess 
several proteins which interact with other bacteria. For example, 
biofilm-forming Streptococcus gordonii produce SspB to bind 
the minor fimbrial Mfa1 protein of Pg in addition to the interac-
tion between the major fimbrial FimA protein of Pg and S. gor-
donii GAPDH, which facilitates Pg colonization and Pg-induced 
alveolar bone loss (Maeda et al., 2004; Daep et al., 2011). 
Furthermore, hemagglutinin A (HagA) and gingipains mediate the 
interaction of Pg with T. denticola (Ito et al., 2010). Similarly, 
structural analysis of biofilms in vivo and co-aggregation analy-
sis in vitro with periodontitis-associated bacteria provided  
evidence that physiological interactions of red complex bacteria 
with non–red complex bacteria facilitate their colonization 
(Jenkinson and Lamont, 2005). Periodontitis-associated bacteria 
express several putative adhesins, and Pg produces hemaggluti-
nins that are important for the interaction of bacteria with host 
cells or bacterial invasion into host cells (Song et al., 2005). 
Similarly, Flp fimbriae, YadA-containing ApiA/Omp100, and 
two non-fimbriae autotransporter proteins, EmaA and Aae, are 
important for the interaction of Aa with host factors and/or host 
cells (Henderson et al., 2010). Importantly, intra-bacterial inter-
actions can modify bacteria/host interactions. For example,  
in vitro studies showed that S. gordonii provides H2O2 to 
enhance the expression of ApiA in Aa (Ramsey and Whiteley, 
2009). F. nucleatum possesses FadA, which can mediate its 
interaction with host epithelial cells (Han et al., 2005) and 
facilitates the penetration of non-invasive bacteria into endothe-
lial cell layers in vitro (Fardini et al., 2011), suggesting that 
intra-bacterial interactions are potentially important for immu-
nostimulation by non-invasive oral bacteria.

Negative Interactions of Oral Bacteria 
with Periodontitis-associated Pathobionts

Accumulation of specific bacteria is not only dependent on 
cooperative interaction between and among bacteria, but also is 
regulated by competitive interactions. In an effort to identify 
probiotics, bacteriocins produced by oral resident and non- 
resident bacteria, including Lactobacillus paracasei HL32 and 
Bacillus amyloliquefaciens, were found to inhibit Pg growth 
(Hammami et al., 2013). Although the relevance of these find-
ings to how competitive interactions work in dysbiosis during 
periodontitis development is unclear, these studies suggest a 
potential mechanism of dysbiosis through the production of 
bacteriocins. Close inspection of PFAM databases indicates that 
many oral bacteria produce small-size (lantibiotic-type) bacte-
riocins, suggesting that competition between and among oral 

bacteria might involve lantibiotic-type bacteriocins. Notably, 
bacteriocins from S. salivarius are effective in the treatment of 
the oral bacterial species involved in halitosis (Burton et al., 
2006). Bacteriocins from different bacteria possess different 
specificity against oral pathobionts. For example, bacteriocin 
from Prevotella nigrescens is bactericidal against P. gingivalis, 
but bacteriocin from P. intermedia is not (Takada et al., 1991; 
Kaewsrichan et al., 2004). Further analysis is required for the 
role of bacteriocins in the regulation of intra-species interactions 
and dysbiosis in the oral cavity to be understood.

As described earlier, particular autotransporter proteins (type 
Va secretion system) of Aa have been shown to mediate inva-
siveness into host cells (Henderson et al., 2010). Aa and other 
proteobacteria possess multiple putative types V and VI secre-
tion system (T5SS and T6SS) effector proteins with unknown 
functions in PFAM databases, although types III and IV secre-
tion systems are restricted to particular species. Importantly, 
T5SS- and T6SS-mediated pathways have been shown to be 
important for competition between and among proteobacteria 
species (Hayes et al., 2010). Hemagglutination and related 
domains that mediate cooperative colonization exist not only in 
adhesins, but also in high-molecular-weight bacteriocins that are 

Figure 2.  Bacterial-bacterial interactions that regulate dysbiosis. 
Dysbiosis is largely dependent on cooperative and competitive 
metabolic and physiological interactions among bacteria. Individual 
bacteria depicted as (A) and (B). affect cooperative and inhibitory 
colonization of neighboring bacteria by regulating the production of 
metabolic supplies including nutrients, pH modifiers, and chemical 
sensor ligands at bacterial habitats. Bacteria also compete with each 
other for common resources required for growth at shared niches. 
Physical interactions among bacteria can also affect growth of 
neighboring bacteria positively and negatively. For example, whereas 
fimbriae, YadA- and some hemagglutinin-domain-containing proteins 
are important for adhesion and cooperative co-colonization, other 
hemagglutinin-domain-containing proteins (such as high-molecular-
weight bacteriocins) are known to regulate neighboring bacteria 
negatively by contact-dependent inhibition. Bacteria also inhibit 
growth of neighboring bacteria and, in particular, related bacteria by 
the production of small-molecular-weight bacteriocins. Some 
metabolites also negatively regulate the adhesiveness of neighboring 
bacteria through quorum regulation to establish a functional biofilm.
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important for contact-dependent inhibition of neighboring bac-
teria in airborne and enteric proteobacteria (Simionato et al., 
2006). Because of the similarity among proteobacteria, it is pos-
sible that oral proteobacteria might also control neighboring 
bacteria through T5SS- and T6SS-dependent mechanisms. 
Co-incubation of Pg with S. gordonii induces expression of 
Ltp1, a native regulator of Mfa fimbriae and LuxS in Pg, per-
haps for optimization of bacterial ratio during biofilm formation 

(Simionato et al., 2006). Therefore, inhibitory interactions 
among bacteria may not only regulate competition among 
neighboring bacteria, but also stabilize the bacterial community 
or change the composition of the microbiota during periodonti-
tis development.

A Double-edged Sword: the Role of 
Bacteria-induced Immune Responses in 
Alveolar Bone Loss

Accumulating evidence is mounting suggesting that host immune 
responses to oral bacteria mediate alveolar bone loss in periodon-
titis. Genetic analyses have implicated polymorphisms of IL1B, 
IL1RN, IL6, IL10, FcγRIIIb, VDR, CD14, and TLR4 genes in 
susceptibility to periodontitis, although conclusive association is 
still lacking (Laine et al., 2012). More definitive evidence for a 
role of immune responses to oral bacteria in periodontitis was 
provided by experiments with mice deficient in several genes that 
are critical for innate and acquired immunity. Enforced infection 
of mice with Pg, Aa, or a combination of multiple bacteria includ-
ing T. denticola, T. forsythia, and F. nucleatum induces alveolar 
bone loss in mice (Graves et al., 2008). Mice lacking iNOS, 
P-selectin, or ICAM1 are susceptible to alveolar bone loss after 
Pg infection (Baker et al., 2000; Fukada et al., 2008). Moreover, 
pre-immunization of mice with Pg reduces Pg-induced alveolar 
bone loss (Gibson et al., 2004). These observations suggest that 
some immune responses to oral bacteria are protective against 
periodontitis development. Further evidence for a protective role 
of host immunity against periodontitis is the finding that strains  
of periodontitis-associated bacteria that are resistant to host 
immunity-mediated elimination are more virulent in periodontitis. 
For example, Pg strains that possess capsules or the ability to 
invade and hide inside host cells are more resistant against com-
plement and more virulent in an experimental model (Bostanci 
and Belibasakis, 2012). This also suggests that some host immune 
responses are protective against periodontitis development by 
eliminating pathobionts involved in periodontitis.

However, mice lacking several innate immune receptors, 
including TLR2 and NOD1, show decreased alveolar bone loss 
in mouse experimental periodontitis models (Burns et al., 2006; 
Papadopoulos et al., 2013; Jiao et al., 2013). TLR2 and NOD2 
are pattern recognition receptors (PRRs) that recognize bacteria-
specific molecules, lipoproteins, and small peptidoglycan-
related molecules, respectively (Takeuchi and Akira, 2010). 
Like TLR2 and NOD1 KO mice, mice lacking C3aR and C5aR, 
which are receptors for activated and cleaved complement fac-
tors, also showed decreased alveolar bone loss in Pg-infected 
periodontitis models (Liang et al., 2011; Abe et al., 2012). C3 
and C5 processing are produced during complement-mediated 
bacterial elimination (Ricklin et al., 2010). Furthermore, Pg 
gingipains process C3 (Popadiak et al., 2007). This suggests that 
bacteria-triggered immune responses are critical for induction of 
alveolar bone loss, although some bacteria-induced immune 
responses are beneficial to the host (Fig. 3). The loss of alveolar 
bone in periodontitis is primarily mediated by a series of 
immune responses that result in increased osteoclast differentia-
tion and activation. Osteoclast differentiation is controlled by 

Figure 3.  A proposed model for the role of immunostimulatory 
pathobionts in periodontitis. Development of periodontitis is associated 
with immune responses to oral bacteria. Complement, phagocytosis, 
iNOS-mediated immune responses and production of antigen-specific 
immunoglobulin (IGs) protect hosts from translocated harmful bacteria 
(T). Meanwhile, alveolar bone resorption by increased osteoclast 
differentiation and activation is triggered by two types of pathobionts. 
Many pathobionts, including red complex bacteria (R), subvert the host 
immune system and/or are immunosuppressive. Red complex 
pathobionts damage the epithelial tissue through the production of 
high protease activity which allows for the translocation of 
immunostimulatory bacterial molecules into tissues. P. gingivalis 
gingipain proteases also inactivate the complement system by cleaving 
C3 and C5. NOD1 ligands produced by specific pathobionts (N) are 
released from bacteria and function as immunostimulants away from 
bacteria, to cause alveolar bone loss at damaged gingival sites. 
NOD1 ligands possess the ability to recruit neutrophils which secrete 
inflammatory cytokines such as TNF and IL-1 to alter the RANKL/
osteoprotegerin (OPG) expression balance in activated T- (actT), 
B-cells, and osteoblasts. Neutrophils and other phagocytic cells (P) also 
express innate immune receptors such as Toll-like receptor 2 (TLR2) and 
complement C3a and C5a receptors (C3aR and C5aR) at high levels. 
C3aR and C5aR also mediate recruitment of the phagocytic cells. The 
increased level of RANKL and the decreased level of OPG increase 
osteoclast differentiation, which results in alveolar bone loss.
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RANK activation via the balanced effects of its ligand, RANKL. 
and the inhibitor osteoprotegerin (OPG) (Darveau, 2010). Signal 
blockage of inflammatory cytokines, IL-1 and TNF, inhibits 
RANK activation and alveolar bone loss in experimental peri-
odontitis models, suggesting that IL-1 and TNF mediate RANK 
activation (Assuma et al., 1998; Cochran, 2008). Stimulation of 
activated CD4+ T- and B-cells and osteoblasts by IL-1β and 
TNFα induces RANKL expression and inhibits OPG expression 
(Stolina et al., 2009). In response to oral bacteria, IL-6, TNFα, 
and IL-1β are secreted from neutrophils and macrophages that 
are recruited to damaged gingival tissue (Assuma et al., 1998; 
Cochran, 2008). Bacteria possess different and multiple types of 
immunostimulatory molecules, some of which induce recruit-
ment of immune cells and others induce secretion of TNFα and 
IL-1β from immune cells (Takeuchi and Akira, 2010). For 
example, NOD1 ligands produced by certain bacteria, strongly 
induce chemokine secretion from non-hematopoietic cells, but 
do not induce secretion of TNFα and IL-1β from hematopoietic 
cells (Hasegawa et al., 2006; Masumoto et al., 2006). Thus, the 
induction of differential immune responses by gingival and 
recruited immune cells to particular PRR ligands affects specific 
and distinguishable processes in the sequence of events that 
result in alveolar bone loss. For example, NOD1 stimulation of 
epithelial cells mediates the recruitment of neutrophils to inflam-
matory sites, whereas recruited neutrophils require other PRR 
ligands (e.g., LPS) to secrete IL-1β (Hasegawa et al., 2011).

Individual Bacteria Possess Different 
Immunostimulatory Activity to Modulate 
Different Immune Responses

Different bacteria produce different types of immunostimulatory 
molecules to stimulate different PRRs. Individual bacteria that 
express specific ligands for PRRs contribute to particular 
immune responses involved in the sequential induction of alveo-
lar bone loss. For example, proteobacteria and specific 
Firmicutes release high levels of NOD1 ligands (Hasegawa  
et al., 2006). NOD1 and NOD2 ligands can induce chemokines 
from host cells that are insensitive to TLR ligands or tolerized 
to TLR signaling by prolonged exposure to TLR ligands 
(Hasegawa et al., 2011). Cells that are part of gingival tissue 
such as epithelial and stromal cells have a greater ability to 
respond to NOD1 ligands than to TLR4 ligands, whereas mac-
rophages respond more robustly to TLR ligands than to NOD1/2 
ligands and secrete TNFα, IL-6, and other cytokines (Kim et al., 
2008). TLR4 is preferentially stimulated by a particular type of 
LPS that exists in many proteobacteria but is absent in 
Bacteroidetes, including Pg (Bryant et al., 2010). IL-1β secre-
tion from macrophages requires activation of the inflamma-
some, which is controlled by two signals: (1) TLR ligands that 
are present in many bacteria and prime macrophages to induce 
pro-IL-1β and (2) activation of the inflammasome, which is 
induced by danger signals such as toxins specific to particular 
types of bacteria (Franchi et al., 2009). The activation of the 
complement system, which yields C3a and C5a production, is 
also dependent on particular bacterial strains (Franchi et al., 
2009). Even within identical bacterial species, only certain 

strains of bacteria are resistant against the complement system 
by covering their cell surfaces with a capsule, complement-
resistant LPS, and other molecules (Rautemaa and Meri, 1999; 
Bostanci and Belibasakis, 2012). Thus, individual bacteria are 
involved in the activation of specific immune responses in the 
sequence of events that results in alveolar bone loss.

Novel Oral Pathobionts with Strong 
Immunostimulatory Activity

The importance of a novel type of pathobionts in periodontitis 
was suggested by experiments with mouse models of periodon-
titis. Pg-infected mice under conventional SPF conditions, but 
not Pg-monocolonized mice, show significant alveolar bone loss 
(Hajishengallis et al., 2011). This indicates that, in addition to 
host-damaging bacteria, some pathobionts are needed to induce 
alveolar bone loss. In SPF mice, ligature placement around or 
between the molars also results in alveolar bone loss (Graves et al., 
2008). Although gingival damage is bacteria independent in the 
ligature model, and SPF mice are free of red complex bacteria, 
bone loss induced by ligature placement is still dependent on 
oral bacteria (Jiao et al., 2013). Thus, non-red-complex bacteria 
have the ability to induce alveolar bone directly in the presence 
of gingival damage in addition to playing an indirect role in 
disease by facilitating the colonization of host-damaging red 
complex bacteria. Analysis of microbiota showed that ligature 
placement induced dysbiosis at damaged gingival sites (Jiao et al., 
2013). An important event in the ligature model is the marked 
accumulation (more than 40% of total oral bacteria) of one bac-
terium identified as a novel Pasteurellaceae species, named 
NI1060 (Jiao et al., 2013). NI1060 is related to Aa, and genome 
sequencing of NI1060 showed that it contains several ortho-
logues of Aa virulence genes (Jiao et al., 2013). NI1060  
possesses the ability to induce alveolar bone loss in the ligature-
induced model in a NOD1-dependent manner. Importantly, both 
NI1060 and Aa release high levels of NOD1 ligands when com-
pared with Pg and other oral bacteria. Monocolonization of GF 
with NI1060 is sufficient to increase CXCL1 secretion, leading 
to neutrophil recruitment, and to induce several inflammatory 
downstream events, including production of IL-1β, TNFα, and 
RANKL, which are important for alveolar bone loss (Jiao et al., 
2013). Because NI1060 is not an invasive pathogen, and major 
NOD1 ligands are soluble molecules, NOD1 ligands cannot 
stimulate host tissues to induce inflammatory molecules without 
the loss of the epithelial barrier (Hasegawa et al., 2011; Jiao et al., 
2013). In another words, alveolar bone loss requires both host 
damage and immunostimulation, which is presumably induced 
by host-damaging bacteria and NOD1-stimulatory bacteria, 
respectively (Fig. 3). Red complex bacteria possess specific 
virulence factors to allow the bacteria to avoid recognition by 
host immune receptors and to subvert innate and acquired 
immune responses (Rautemaa and Meri, 1999; Bostanci and 
Belibasakis, 2012). Although we still do not know which immu-
nostimulatory oral bacteria are important for the development of 
periodontitis in humans, the mouse studies suggest that host-
damaging and immunostimulatory bacteria belong to different 
species and play distinct but cooperative roles in the induction 
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of alveolar bone loss. Aa JP2, whose infection is associated with 
aggressive periodontitis in humans, possesses dual function in 
that it can damage host tissue via the production of cytotoxic 
leukotoxin, but also releases high levels of NOD1-stimulatory 
activity. Thus, the association of Aa with aggressive periodonti-
tis may be explained by the ability of Aa to induce several 
activities involved in alveolar bone loss. Analysis of 
Aa-monocolonized mice is needed to test the unique role of Aa 
in periodontitis. Pasteurellaceae is not the only genus that stimu-
lates NOD1, since several Proteobacteria, Peptostreptococcaceae, 
and Bacillaleceae species also possess high NOD1-stimulatory 
activity (Hasegawa et al., 2006). Therefore, it will be important 
to determine which pathobionts possess NOD1-stimulatory 
activity and their role in human periodontitis.

Perspectives

Accumulating evidence supports the “keystone-pathogen 
hypothesis” in which colonization of keystone bacteria such as 
Pg triggers dysbiosis and alteration of host immune responses, 
and other bacteria orchestrate inflammatory disease leading to 
bone loss (Hajishengallis et al., 2012). The finding that NOD1-
stimulatory pathobionts can induce alveolar bone loss further 
refines the “keystone-pathogen hypothesis” by suggesting that 
individual oral pathobionts that accumulate during dysbiosis 
play a critical and specific role in periodontitis development. 
One of the major differences between known pathobionts and 
NOD1-stimulatory pathobionts is the ability of the latter to 
stimulate host cells without direct bacteria-host cell contact, 
because the majority of NOD1 ligands are released from bacte-
ria (Hasegawa et al., 2011; Jiao et al., 2013). Therefore, tissue 
translocation or invasiveness of bacteria is not the only way to 
stimulate the host NOD1 receptor. Clostridium difficile, an 
enteric NOD1-stimulatory pathobiont, induces NOD1 stimula-
tion but does not translocate into tissues (Hasegawa et al., 
2011). These facts suggest that host-protective responses inside 
tissues might be ineffective to prevent alveolar bone loss, 
although NOD1-mediated signaling plays a role in the elimina-
tion of invasive pathogens including Listeria monocytogenes 
(Hasegawa et al., 2011). Thus, this novel type of immunostimu-
latory pathobiont is beneficial to the host in the absence of host-
damaging bacteria, but can also promote pathology under 
certain conditions such as in periodontitis. Further investigation 
is needed to understand the role of immunostimulatory pathobi-
onts in heath and disease.

Accumulation of immunostimulatory pathobionts appears to 
be dependent on interactions with other oral bacteria and host 
cells. In the case of NI1060, the accumulation at gingival sites 
above the bone loss might be dependent on nutrients from dam-
aged tissue. NI1060 accumulates at damaged gingival sites over 
400-fold more than at the healthy gingiva, although NI1060 
represents only ~2 % of the total bacterial population in the oral 
cavities of healthy adult mice (Jiao et al., 2013). Therefore, it is 
likely that accumulation of at least some immunostimulatory 
pathobionts depends on nutrients derived from the host. 
However, NI1060 and related Aa, unlike red complex bacteria, 
are facultative anaerobes, and therefore anaerobic conditions are 

not essential for their growth (Jiao et al., 2013). Moreover, 
NI1060 and Aa do not require heme and NAD for growth as is 
the case for other Pasteurellaceae species such as H. influenzae 
(Garrity et al., 1984; Jiao et al., 2013). Importantly, the healthy 
mouse gingiva also harbor abundant numbers of Actinobacillus 
muris, another Pasteurellaceae species that possesses metabolic 
profiles similar to that of NI1060 (Garrity et al., 1984; Jiao  
et al., 2013). Therefore, the remarkable dominance of Aa in 
aggressive human periodontitis and NI1060 at the damaged 
gingiva in the ligature model of mouse periodontitis cannot be 
simply explained by the presence of nutrients released from 
damaged host cells. Colonization of GF, but not conventional 
SPF, mice with Staphylococcus xylosus, a dominant species in 
healthy adult mice, induces significant accumulations of bacte-
ria in the oral cavity (Jiao et al., 2013), suggesting that NI1060 
possesses a mechanism to acquire dominancy by outcompeting 
other commensals. Like other pathobionts, NI1060 produces 
several putative adhesins, including Flp orthologues, YadA, and 
Hemagglutinin proteins (Jiao et al., 2013), which are critical for 
virulence in other bacteria, suggesting that physical interactions of 
immunostimulatory pathobionts with other oral bacteria and host 
cells might play an important role in bone-loss-inducing virulence 
activity. Investigation of the interactions of immunostimulatory 
pathobionts with other members of the oral bacterial community 
should improve our understanding of the pathogenesis of  
periodontitis and of bacteria-specific immune responses.
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