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The oral microbial community represents the best-characterized consortium associated with the human
host. There are strong correlations between the qualitative composition of the oral microbiota and clinically
healthy or diseased states. However, additional studies are needed to elucidate the mechanisms that define
these microbial/host relationships.
History of Oral Microbiology
One milliliter of human saliva from a healthy adult contains

approximately 100 million bacterial cells. Given a normal salivary

flow rate of 750 ml per day, approximately 8 3 1010 bacteria are

shed from the surfaces of the mouth every 24 hr, equivalent to

5–10 g of wet weight of bacterial cells. These bacteria originate

from the highly specialized and distinctive communities of

organisms that reside on a variety of different environmental

niches in the human mouth. Hence, the human oral microbiome

can be viewed as a summation of discrete microbial communi-

ties drawn from, for example, the mucosal surfaces of the

tongue, cheeks, palate, and tonsils and the microbial biofilms

that accumulate on the hard, nonshedding surfaces of the teeth.

The ease of accessing and sampling the mouth and the long

acknowledged role of bacteria in dental caries and periodontal

disease, two of the most common diseases of humans, have

driven extensive investigations on the microbial communities

on the tooth surface. As a result, oral bacteria are now the

most well characterized microbiota of the human microbiome.

These studies extend back to over three centuries to the very first

description of bacterial cells by Antonie van Leeuwenhoek, who

in 1676 used his newly manufactured microscopes to describe

the ‘‘animacules’’ in biofilms from human teeth. In the intervening

period, our understanding of the complexity, site specificity, and

environmentally driven nature of these microbial communities

has expanded with each technological advance in microbial

identification and classification. These advances include the

introduction of standardized culture techniques on solid media,

the development of anaerobic culture systems, the introduction

of nonculture techniques based onmolecular phylogeny through

nucleic acid analyses using DNA:DNA hybridization, PCR,

Sanger sequencing, and the more recent developments in

high-throughput pyrosequencing-based analyses and metage-

nomics (Wade, 2011). These culture- and nonculture-based

investigations have culminated in the development of the Human

Oral Microbiome Database (http://www.homd.org/), which lists

all bacterial species found in the human mouth (Dewhirst et al.,

2010) and more recently CORE (http://microbiome.osu.edu/)

(Griffen et al., 2011), a phylogenetically curated 16S ribosomal

DNA database of the core oral microbiome that is representative

of the bacteria that regularly reside in the human oral cavity.
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Current Understanding of the Oral Microbiome
As in other environments, a significant proportion of the total

oral microbiota remains unculturable, and hence nonculture

methods are required to describe the overall species richness

of the oral microbiome. Sequence analysis of 16S ribosomal

RNA has been the method of choice because of its universal

presence in all organisms, and because, through PCR primer

design, it is possible to describe either all the species present

in a given sample or to target specific genera. The application

of this approach has led to the description of 11 phyla in the

domain Bacteria in the oral microbiome in addition to meth-

anogenic species of the Methanobrevibacter genus from the

domain Archaea. The phyla of the domain Bacteria that are

reliably present include Actinobacteria, Bacteroidetes, Chloro-

flexi, Firmicutes, Tenericutes, Fusobacteria, Proteobacteria,

Spirochaetes, Synergistetes, and two currently unnamed phyla,

SR1 and TM7. Several hundred distinct species are contained

within these divisions, representing the highly diverse microbial

communities of the mouth. The periodontal microbiota is

particularly heterogeneous, and over 400 species have been

described in this habitat alone with a 16S ribosomal RNA

(rRNA) amplification, cloning and Sanger sequencing approach

(Dewhirst et al., 2010).

While these findings have significantly enhanced our under-

standing of the oral microbiome, they have also highlighted

the likelihood there may be an additional large number of low

abundance species that have remained undetected with this

standard methodological approach, largely because of the rela-

tively time consuming and laborious nature of the techniques.

This issue is now being addressed through the application of

deep-sequencing methods in particular pyrosequencing tech-

nologies, which enable a more comprehensive coverage of the

16S rRNA sequences in large numbers of samples. Although

relatively few large-scale studies have been undertaken, there

are indications that it may be necessary to revise our estimates

of the species richness of the oral microbiome, perhaps by

a factor of ten. For example, in a study of the microbiota of saliva

and supragingival plaque from 71 and 98 healthy adults, respec-

tively, amplicons from the V6 hypervariable region of the small-

subunit ribosomal RNA gene were generated by PCR and

sequenced by 454 technology. Of the 197,600 sequences that
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were analyzed, they were suggested to represent 22 phyla

comprising 3621 and 6888 species-level phylotypes in the saliva

and plaque, respectively (Keijser et al., 2008). However, these

early data need to be viewed with some caution as it is well

recognized that the errors inherent in pyrosequencing, particu-

larly of homopolymeric tracts, may lead to an overestimation of

the total number of unique sequences in a given sample. The

development of increasingly sophisticated software to minimize

these problems should lead to increasingly accurate estimates

of the species diversity of the oral microbiome, and, indeed,

more recent investigations have tended to be more conserva-

tive (Zaura et al., 2009). Nonetheless, the application of high-

throughout sequencing approaches, particularly to comparative

analyses of health and disease, are likely to lead to increasing

insights into the range of bacterial species associated with the

development of pathology. A significant challenge in this area

will be the analysis and interpretation of these high volumes

of data. While the frequent condensation of high-granularity

phylotype information to the phylum or genus level, which is

evident in much of the published literature on human micro-

biomes, enables ready comparison of different data sets, it is

inadequate in terms of maximizing the value of these high-

throughput approaches.

A further issue to consider is the value of nonculture

approaches to our understanding of the microbial pathogenesis

of oral disease. Strategies based upon the sequence analysis of

16S rRNA limit the description of the microbiome to species-

level identifications. However, it is well established that there

can be significant genomic variation within a species such that

while a core set of genes may be common to all strains, there

are others with a more restricted distribution. Along with other

genetic modifications, including mutations, deletions, and inver-

sions, variability in the gene content contributes to the popula-

tion diversity of that species—a heterogeneity that is not

detected based on 16S rRNA analysis. As we will describe later,

in one periodontal organism, this within-species genetic varia-

tion leads to a clonal population structure where one particular

clone, JP2 ofAggregatibacter actinomycetemcomitans, appears

to have a much higher virulence potential in periodontitis than

other clones of this species.

Formation of the Dental Plaque Biofilm
The formation of the dental plaque biofilm has been well studied

both in vitro and in vivo (Kolenbrander et al., 2010). It is clear that

there is an orderly succession of early-, intermediate-, and late-

colonizing species. Colonization of the tooth surface begins with

highly specific interactions between oral bacteria, mostly Strep-

tococcus species, and the tooth pellicle. The pellicle is a thin

layer of both saliva and gingival crevicular fluid that coats the

dentin surface of the tooth. Oral bacteria have evolved highly

specific adhesions to pellicle proteins and carbohydrates, not

unlike specific adhesins found in other commensal and patho-

genic bacteria that display highly specific tissue tropisms. After

early colonizers have established themselves on the tooth

surface through host-derived pellicle interactions, these bacteria

themselves then serve as additional binding sites for interme-

diate and late colonizers. This process, which has been

eloquently studied and described by Kolenbrander’s group,

reveals that each step in dental plaque biofilm formation is highly
specific and represents coevolution between different oral

bacterial species as well as the host (Socransky and Haffajee,

2005). Recently, with the use of 16S or 18S rRNA probes the

microbial spatial distribution of in vivo dental plaque biofilm

was examined by fluorescent in situ hybridization (FISH) (Zijnge

et al., 2010). This study confirmed many early observations

yet also provided microbial definition to the species composition

in different layers of the dental plaque biofilm. In addition, the

demonstration that P. gingivalis directly binds Streptococcus

gordonii, an early colonizer, provides evidence that potential

perio-pathogens can colonize the biofilm early and this may

represent a reservoir for the organism (Nobbs et al., 2009).

Clinically Healthy Periodontal Tissue/Bacterial
Interactions
The presence of a large and diverse microbial load on the tooth

surface places a polymicrobial consortium in juxtaposition to

host periodontal tissue. Nevertheless, normally, the periodon-

tium remains healthy largely due to the numerous host protection

mechanisms that operate in the oral cavity (Darveau, 2010).

Similar to the intestinal approach of handling a large microbial

load, the oral cavity employs the tactic of first limiting exposure

to host tissues. Perhaps the single most important component

that limits the numbers of bacteria that can accumulate on the

tooth surface is saliva. Saliva contains numerous components

that contribute to either limiting bacterial accumulation or direct-

ing killing bacteria in the oral cavity. For example, similar to the

intestine, saliva contains mucin proteins; however, in contrast

to their function in the intestine, the mucins in the oral cavity

do not form a thick layer that bacteria may need to penetrate

through in order to approach host tissue. Rather, oral mucins

induce bacterial aggregation that prevents the bacteria from at-

taching to the tooth or oral epithelial cell surface and promotes

their removal upon swallowing (Kolenbrander et al., 2010). The

interaction of oral bacterial species with salivary mucins is

specific, and the same host receptors that facilitate bacterial

removal by aggregation and swallowing also initiate ecological

succession on the tooth surface, which is coated by saliva.

Perhaps the most unique and significant host protection

mechanism in the periodontium is the constant transit of neutro-

phils from the underlying highly vascular periodontal tissue,

through the connective and epithelial cell layers and into the

gingival crevice. It has been calculated that approximately

30,000 polymorphonuclear neutrophils (PMNs) transit through

periodontal tissue every minute (Schiött and Löe, 1970), which

facilitates nearly constant contact between host neutrophils

and the dental plaque biofilm. The high incidence of periodontitis

in those individuals with low-circulating neutrophils or congenital

defects in neutrophil extravazation provides strong evidence that

this neutrophil transit is a key component of periodontal innate

defense (Darveau, 2010). Accordingly, the structure of the peri-

odontal tissue surrounding the tooth surface is fashioned such

that neutrophils can transit through to the tooth surface and

inhibit biofilm growth. In particular, a specialized epithelium,

termed the junctional epithelium, surrounds the tooth surface

and forms the ‘‘junction’’ between the inanimate tooth and host

tissue. The junctional epithelium is highly porous, with large intra-

cellular spaces, and it contains no tight junctions and a lower

number of desmosomes than the adjacent oral or succular
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Figure 1. Current Knowledge of the
Microbial Influence on Junctional
Epithelium and Intestinal Epithelium from
Cumulative Human and Mouse Studies
(A) Current knowledge of microbial influence on
the junctional epithelium (JE) based on cumulative
data from human and mouse studies. The archi-
tecture of JE tissue and presence of PMNs are
similar between germ-free and conventional mice.
Several molecules appear to change dramatically
with the addition of bacteria but many are
unchanged (Darveau, 2010).
(B) Overview of current knowledge of microbial
influence on the intestinal epithelium. The archi-
tecture of the intestinal tissue is changedmarkedly
with the addition of bacteria; the crypts are
deeper, the capillary network is more extensive,
the mucus layer is reduced, cilia are shorter, and
many differences are seen with immune cells and
molecules as indicated (Hooper, 2004). The figure
indicates the relative location and abundance
of innate immune cells/molecules. (*indicates
changes due to microbial interactions confirmed
in germ free studies.)
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epithelium (Bosshardt and Lang, 2005). It also expresses a higher

concentration of the cell-adhesion molecule CEACAM1, which

through homophilic binding to itself may serve as the major

cell-adhesion molecule in this tissue (Heymann et al., 2001)

(see Figure 1). Furthermore, clinically healthy junctional epithelial

tissue expresses high levels of IL-8, a potent neutrophil chemo-

attractant that draws neutrophils to the adjacent dental plaque

biofilm. Other host defensemediators associated with neutrophil

exit from the vasculature and transit through the connective

tissue, such as ICAM-1 and E-selectin, are also expressed in

the appropriate tissues in clinically healthy periodontal tissue

(Tonetti et al., 1998).

We are just beginning to learn the relative contributions of oral

commensal bacteria or host-directed expression programs to

the highly specialized tissue organization and orchestrated

expression pattern of select inflammatory mediators in clinically

healthy periodontal tissue. Early histological studies revealed

that germ-free (GF) and specific pathogen-free (SPF) mice
304 Cell Host & Microbe 10, October 20, 2011 ª2011 Elsevier Inc.
were very similar with respect to the

unique junctional epithelium architecture

and that bothGF andSPFmice contained

neutrophils in the junctional epithelium

(Heymann et al., 2001). This has been

confirmed subsequently in a study that

examined the expression of CEACAM1

in GF and SPF rats and mice (Heymann

et al., 2001). It was found that expression

of this cell-adhesion molecule, which is

expressed developmentally during tooth

eruption, localizes to the developing junc-

tional epithelium, where it is postulated

to serve an important role in structural

integrity. Therefore, commensal bacteria

are not required for its expression. Like-

wise, another study examined the ex-

pression of secretory leukocyte protease

inhibitor (Slpi) in GF and SPF mice (Haya-
shi et al., 2010). This defense protein, which protects the host

from host-mediated protease-induced tissue damage, was

found to be highly expressed in the junctional epithelium, an

area where a strong inflammatory process is occurring, yet the

oral commensal community was not required for its expression.

However, commensal colonization has been shown to influence

the periodontal innate host defense status. A pilot study revealed

that SPF mice contain higher levels of IL-1b (Dixon et al., 2004),

an inflammatory cytokine normally associated with inflamma-

tion. Perhaps more importantly, IL-1b was found in the GF

mice underscoring the contribution of ‘‘inflammatory’’ cytokines

in normal tissue homeostasis programs in the absence of a

microbial stimulus.

Therefore, much more needs to be learned concerning

whether and how oral commensal bacteria contribute to the

highly orchestrated inflammatory response seen in this tissue.

Not only do we need to better understand how alterations in

cytokine levels by commensal bacteria in the absence of disease
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may positively or negatively affect periodontal tissue homeo-

stasis programs, but also there have been no studies that have

directly examined the molecular mediators associated with

neutrophil transit in germ free mice. This represents a significant

gap in our knowledge. If thesemediators are solely developmen-

tally expressed, as in the case of the epithelial cell-adhesion

molecule CEACAM1 and secretory leukocyte protease inhibitor

(Slpi), then what are the host signals that regulate their expres-

sion in such a highly organized fashion? Likewise, if additional

germ free studies reveal that commensal bacteria contribute to

the neutrophil transit process, it may represent novel therapeutic

avenues to ‘‘augment’’ innate defense with the use of probiotic

approaches. The contribution of oral commensal bacteria to

expression of defensins, CD14, and lipopolysaccharide binding

protein, all of which have been shown to be present in clinically

healthy tissue, also needs to be determined.

Periodontitis/Bacterial Interactions
Periodontitis, similar to inflammatory bowel disease, is a clinical

syndrome that can have multiple etiologies. The generally

accepted view is that periodontitis results from the interaction

between a microbial challenge derived from the subgingival

biofilms on the tooth surface and a deregulated host response

in the periodontal tissues (Page and Kornman, 1997). Disruption

of this interaction through debridement of the tooth surfaces,

supplemented occasionally by antibiotic delivery, is the standard

and in most instances broadly effective treatment strategy.

The complexity of the subgingival microbiota has hindered the

identification of the precise microbial etiology of periodontitis

although very strong correlations between the amount and

composition of the dental plaque biofilm and disease have

been described (Socransky et al., 1998). Furthermore, extensive

microbial compositional analysis, based originally on culture

techniques and subsequently extended by large-scale DNA:

DNA hybridization methodologies, has identified potential perio-

pathogens, designated the red complex. Examination of poten-

tial virulence characteristics shared by red-complex bacteria,

Porphyromonas gingivalis, Tannerella forsythia, and Treponema

denticola, has not yielded clear associations with disease.

However, one shared attribute is their ability to either inhibit or

evade innate host responses. This has led to the speculation

that the strong association of these bacteria with diseased

sites may be related to their ability to disrupt periodontal innate

defense functions facilitating untoward host interactions with

the entire dental plaque community (Darveau, 2010). Dental pla-

que communities obtained from either healthy or diseased sites

are both potent activators of TLR2 and TLR4 (Yoshioka et al.,

2008) and are therefore capable of disrupting established host

homeostasis programs (Bosshardt and Lang, 2005). Neverthe-

less, ‘‘red’’ complex bacteria can be found in clinically healthy

sites, albeit at lower numbers, indicating that their presence

alone is not responsible for disease.

Adult-type chronic periodontitis appears to be truly amicrobial

community-associated disease. Consistent with this, it has been

reported that the stability of the dental-plaque microbial compo-

sition maybe a good predictor of periodontal health and that

changes in this community are associated with changes in the

clinical status of the adjacent tissue (Kumar et al., 2006).

However, the factors that lead to changes in the plaque micro-
biota that are associated with periodontitis are not known. A

greater understanding of potential ‘‘triggers’’ that initiate these

changes by either altering innate defense function or selecting

for a different microbial community may be obtained from exam-

ination of environmental and endogenous factors that are asso-

ciated with an increased incidence of periodontitis. These

include oral hygiene, smoking, obesity, stress, and potential

genetic associations (Stabholz et al., 2010). There are almost

certainly multiple potential mechanisms by which normal host

homeostasis can be disrupted, eliciting alterations in the host

protective status, the microbial composition, or both. Under-

standing the effects of these risk factors on the microbial/host

relationship should uncover additional mechanisms by which

host homeostasis can be detrimentally disrupted.

In contrast to adult-type chronic periodontitis, in one particular

instance of aggressive periodontitis affecting adolescents of

African descent, there is evidence to suggest that a single

specific microbial etiology may be responsible for the develop-

ment of disease. Aggregatibacter actinomycetemcomitans is a

gram-negative rod that produces a leucotoxin that specifically

lyses human neutrophils. The organism displays significant

genetic diversity, but one particular clone, referred to as JP2,

has a number of genetic variations that distinguish it from other

clonal types, including a 530 base pair deletion in the promoter

region of the leucotoxin gene operon. As a result, the JP2 clone

produces significantly enhanced levels of leucotoxin compared

to the other lineages of this bacterium which could theoretically

lead to an enhanced potential to disrupt the immune defenses

of the periodontium. Population genetic analysis by multilocus

sequencing of A. actinomycetemcomitans strains from geo-

graphically dispersed individuals suggest that the JP2 clone

originally emerged as a distinct genotype in the Mediterranean

part of Africa over 2000 years ago and subsequently spread to

West Africa, from where it was transferred to North and South

America by the trans-Atlantic slave trade in the 16th�18th centu-

ries. Remarkably, despite its now global dissemination, the JP2

clone still remains exclusively associated with individuals of

West African descent, indicating a strong host tropism effect

(Haubek et al., 2008). While the prevalence of aggressive peri-

odontitis in adolescents is normally less than 1%, it is far higher

in individuals of North and West African descent. In a recent

longitudinal study of the disease in Moroccan adolescents, 61

of 428 (14.3%) individuals who were periodontally healthy at

baseline had developed disease after 2 years. Moreover, in this

population, individuals who carried the JP2 clone at baseline

were far more at risk of developing disease than those who

carried non-JP2 clones of this bacterium (relative risk 18.0

versus 3.0) (Haubek et al., 2008). Hence, the JP2 clone of

A. actinomycetemcomitans has the characteristics of a tradi-

tional bacterial pathogen, albeit in a host restricted background.

Summary and Future Directions
While a correlation between a specific clonal type of

A. actinomycetemcomitans and aggressive periodontitis in a

select human population has been observed, the relationship

between the highly characterized periopathogenic microbial

community and chronic adult type periodontitis, the most

common form of disease, remains to be determined. Additional

characterization of the composition of the microbiota in
Cell Host & Microbe 10, October 20, 2011 ª2011 Elsevier Inc. 305
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periodontal health versus disease may lead to the description

of additional species, which one could presumptively asso-

ciate with disease causation. For example, in one investigation

(Kumar et al., 2005), 16S rRNA gene cloning and sequencing

identified several novel disease-associated organisms, including

Peptostreptococcus stomatis, Filifactor alocis, and species

drawn from the Desulfolobulus, Dialister, and Synergistetes

genera. The potential contribution of clonal types and the influ-

ence of environmental triggers in altering the oral microbial

composition need to be further explored to determine how a

healthy microbiotia is altered into one associated with a destruc-

tive host response. Incorporation of polymicrobial approaches

into in vitro and in vivo systems to examine the potential of bacte-

rial-bacterial communication events on the host response are

also required. Finally, an analysis of microbial metagenomic

libraries derived from different clinical states may provide an

alternative method to determine the functional characteristics

of the entire microbial consortium which are required to either

maintain the homeostasis of health or develop disease in the

periodontal tissues.
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