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Abstract

Possibly the first biofilm samples ever examined from a microbiological perspective were
obtained from the oral cavity: Antonie van Leeuwenhoek’s tooth scrapings. Since that time,
oral microbiologists have made major contributions to microbial taxonomy, physiology, and
ecology. The oral cavity distinguishes itself from other environments by having over 700
phylotypes (taxonomic units), nearly half of which have culturable representatives. Aerobic,
facultatively anaerobic, and obligately anaerobic physiologies are present. Members of the
microbial kingdoms Archaea, Bacteria and Fungi are present. What generates and maintains
this diversity? Why are these communities attractive targets for study? How does commu-
nity analysis using modern molecular methods differ from that using classical bacteriologi-
cal approaches? We strive to answer these questions in the following contribution and, as
far as possible, we rely on knowledge obtained from studies of plaque in situ.

The oral cavity as an environment for biofilm growth

Sites for biofilm development in the human oral cavity can be segregated into tooth-as-
sociated sites and soft-tissue sites. Tooth surfaces are one of the few non-shedding surfaces
in the human body and thus present unique opportunities for biofilm development. Each
tooth varies somewhat from its neighbors with respect to flow rate of saliva across its surface,
and with respect to wear through contact with the tongue or cheek. In contrast to lingual or
buccal tooth surfaces, interproximal (between teeth) tooth surfaces are shielded from wear.
Teeth thus present colonization sites not only along a gradient of nutrient quantity/quality
that develops according to proximity to the different salivary glands and to gingival sulci
(the source of gingival crevicular fluid) (Hannig, 1999), but also along a gradient of shear
stress that develops according to salivary flow rate and abrasion (Dawes, et al., 1989). Soft-
tissue surfaces likewise present sites along similar gradients, however these surfaces are
continuously shed and thus must be constantly recolonized. Turnover time of oral epithelia
ranges from roughly 6 days (tongue, cheek) to as much as 12 days (gingiva) (Itoiz and Car-
ranza, 2002). Desquamated epithelial cells have been noted as components of tooth-surface
biofilms (Nyvad, 1993) (Figure 10.1). Cleatly, colonization of the desquamating epithelial

cells is a different process compared to colonization of the non-shedding tooth surface.
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Figure 10.1 An epithelial cell detected on the enamel surface is colonized with multi-species
bacterial biofilm communities in 8-hour supragingival dental plague. Communities are
documented with FISH probes (eubacterial probe EUB338, blue; Streptococcus spp. probe
STR405, red) in conjunction with general nucleic acid stain (acridine orange, green). The nucleus
of the epithelial cell is stained with acridine orange (green). Streptococcus spp. cells (purple,
colocalization of red + blue) are closely associated with non-Streptococcus spp. cells (blue) on
the epithelial surface. (Bar 5 um; inset—same region at lower magnification). Reprinted from
(Kolenbrander, et al., 2006). See also Plate 10.1.

Although saliva bathes both surfaces, biofilms on these two kinds of surfaces are certainly
distinct.

Saliva is the fluid that transports nutrients of dietary origin, in the form of partially
dissolved carbohydrates and peptides, to oral biofilms. In addition, the same proteins and
glycoproteins that make up the salivary secretions themselves can be substrates for bacte-
rial growth (Homer, et al., 1996; Palmer, et al., 2001). The majority of salivary secretions
originate from the three different major glands: parotid, submandibular, and sublingual.
Each gland secretes saliva of a different composition: for example, the parotid gland is the
source of amylase, whereas the sublingual and submandibular glands secrete the bulk of the
mucins (Scannapieco, 1994). Thus, while the secretions of these glands combine within the
oral cavity to create the mixture known as whole saliva, proximity of a particular bacterial
colonization site to the ducts of the glands influences the composition and flow rate of the
saliva across the site. The major component of whole saliva is the group of glycoproteins
known as mucins. Mucins are also the major component in other secretions such as cervical
mucous and sweat, but saliva differs dramatically from other secretions in the type and
amount of other components. For example, amylase is the most prevalent protein compo-
nent of saliva yet is found in only small amounts in other body secretions. Several minor
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salivary components, such as lactoferrin, histatins and lysozyme, have antimicrobial proper-
ties thought to hinder invasion of the oral environment by bacteria not specifically adapted
to this niche (Scannapieco, 1994). Salivary components such as proline-rich proteins are
adsorbed onto tooth surfaces to form the acquired enamel pellicle, a protein film containing
molecules specifically recognized by bacterial adhesins during the initial colonization of
teeth (Scannapieco, 1994). In fact, because pellicle formation is so rapid (within minutes),
oral biofilm bacteria are not in direct contact with the tooth surface. Tooth surfaces in
and near the gingival sulci are contacted by a second non-salivary secretion called gingival
crevicular fluid (GCF). Like saliva, this secretion is a complex mixture, but GCF is closer in
composition to serum than to saliva. GCF is roughly 30-fold higher in protein concentra-
tion than is saliva, and GCF is the major source of immunoglobulin G in the oral cavity
(Cimasoni, 1983). Flow rates of GCF are very low (0.5-2.4 ml per day across the entire
oral cavity) compared to saliva (0.5-2.0 ml per minute), and GCF is the primary fluid
within the sulcus. Thus, the hard tissue environments of subgingival (bathed in GCF) and
supragingival (bathed in saliva) sites are different from each other and their topology, in
turn, is different from the soft tissue surface structure. The constant flow of saliva and GCF
make it imperative for oral bacteria to adhere to a surface to prevent being swallowed. The
differences in molecular composition of the acquired pellicle on the supragingival surface,
GCF-bathed subgingival surface, and soft tissue surface mediate specific bacterial adher-
ence preferences called tissue tropism.

Tissue tropism

Early studies

The first connection between the ability of oral bacteria to adhere and tissue tropism was
reported in 1970 (Van Houte, et al., 1970). Using human volunteers, they showed that
Streptococcus salivarius preferentially bound to the tongue whereas other streptococci pre-
sumed to be Streptococcus sanguis adhered preferentially to the enamel surface. Results from
another early human study using S. salivarius and Streptococcus mutans isolated from human
volunteers showed that S. mutans bound preferentially to enamel and, again, S. salivarius
bound to epithelial surfaces (Gibbons and van Houte, 1971). In the latter experiment,
streptomycin-resistant mutants of S. salivarius and S. mutans were first isolated and then
re-introduced into a volunteer’s mouth. It had been known that up to 100 times more S.
salivarius could be cultured from the tongue than from enamel, but these data from rein-
troduction of streptomycin-resistant strains proved the hypothesis that the specificity of
adherence and colonization was a major ecological determinant in vivo. The retention time
of only a few minutes for saliva in the oral cavity dictates that oral bacteria must adhere
before they can grow. The fact that certain surfaces were selected by specific oral bacteria
was a concept first known with oral bacteria and later applied to other medical pathogens

such as the group A streptococci (Gibbons, 1996).

Comprehensive studies of many sites in healthy subjects
The distribution of bacterial species on several oral surfaces in healthy subjects has been
conducted in depth by using molecular techniques (Aas, et al., 2005; Mager, et al., 2003).
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The first study (Mager, et al., 2003) employed a checkerboard DNA-DNA hybridization
technique (Socransky, et al., 1994) where the genomic DNA of 40 commonly cultured oral
species were used as probes to detect the presence of the species in the sample of interest.
Samples from eight oral epithelial surfaces, saliva, supragingival plaque, and subgingival
plaque were lyzed; the released DNA was applied in respective parallel lanes and UV-bound
to a nylon membrane. The probe DNA was added to parallel lanes that were perpendicular
to the sample lanes (hence checkerboard). By comparison to publications 20 years eatlier,
this report was a tour de force. Two clusters of sites from the 225 systemically healthy adult
subjects were identified: cluster 1 comprised saliva, lateral and dorsal tongue surfaces, and
cluster 2 comprised the ventral tongue surface, mouth floor, as well as the buccal, hard pal-
ate, vestibule lip and attached gingival surfaces. The mean proportions of Streptococcus mitis,
Streptococcus oralis and Selenomonas noxia were significantly higher in cluster 2 than cluster
1. On the other hand, Veillonella parvula, Prevotella melaninogenica, Eikenella corrodens,
Neisseria mucosa, Actinomyces odontolyticus, Fusobacterium periodonticum, Fusobacterium
nucleatum ss. vincentii and Porphyromonas gingivalis were in significantly higher proportions
in cluster 1. In fact, when considering single locations in the mouth, the proportions of
34 of the 40 species differed markedly. Notably, all 34 species were found on all surfaces
including samples from teeth, which were distinguished by their increased proportions of
Actinomyces naeslundii, Actinomyces israelii, and Actinomyces gerencseriae. However, Strepto-
coccus sanguinis, Streptococcus anginosus, Streptococcus intermedius, and Streptococcus gordonii
colonized tooth surfaces in comparable proportions to their proportions in saliva and on
soft tissue surfaces; whereas, S. oralis, S. mitis, and S. constellatus colonized soft tissues and
were present in saliva in higher proportions than the samples from teeth. This flood of data
indicates that bacterial species colonize specific surfaces, and the data suggest that the soft
tissues may serve as a reservoir for the bacteria that colonize hard surfaces. Secondly, these
data indicate that the species found on teeth, either supragingivally or subgingivally are
different from the species found on soft tissue surfaces. Thus, biofilms formed on enamel
are polymicrobial and are acquired from the same sources that bathe other oral surfaces.
Yet, importantly, the proportions of the species acquired from the inocula and coloniz-
ing hard surfaces are distinct from the proportions of the species in the inocula and the
proportions colonizing the soft tissue surfaces, indicating that the mixed-species biofilm
communities on hard tissue are not formed randomly through non-specific accretion of
cells from saliva or other inoculum sources. Furthermore, in support of this idea is the fact
that similar compositions of initial plaque communities re-occur each day between oral
hygiene regimens (Diaz, et al., 2006).

The second study (Aas, et al., 2005) used culture-independent molecular techniques.
Samples from nine sites from five healthy subjects were analyzed. The seven soft tissue sites
were dorsum of the tongue, lateral sides of the tongue, buccal fold, hard palate, soft palate,
labial gingival, and tonsils plus the two supragingival and subgingival dental plaques from
teeth. Bacteria in the sample were lyzed, and the 16S rRINA genes were amplified by PCR
and subsequently cloned and sequenced. A total of 2589 clones yielded 141 predominant
species. As found in previous studies, several species were site-specific, while other species
were subject specific and detected at most sites sampled. Actinomyces spp., S. sanguinis and
S. gordonii were found preferentially on teeth, whereas S. salivarius was more frequently
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found on the tongue dorsum. Streptococcus australis and Gemella sanguinis did not colonize
hard tissue. S. mitis was found in all subjects and at all sites sampled. Besides Streptococcus,
the commonly detected genera in all subjects and at most sites were Gemella, Granulicatella
and Veillonella. Although, collectively, more than 700 bacterial phylotypes have been found
in the oral cavity in this study and previous studies, the number of phylotypes per person
as reported in this study ranged from 34 to 72 (Aas, et al., 2005). Notably, more than 50%
of the phylotypes have not yet been cultivated, however, that characteristic does not make
them inherently less significant than the cultured species. Species such as Porphyromonas
gingivalis, Tannerella forsythia, and Treponema denticola, which are associated with periodon-
tal disease, were not seen. Likewise, species such as Streptococcus mutans, Lactobacillus spp.,
and Bidobacterium spp., which are associated with dental caries, were not seen. Cleatly,
there is a distinctive bacterial species community in disease conditions that is not found
easily in biofilms present in healthy oral cavities.

Biofilms in health and disease

Succession of species is tightly integrated with cell-cell adherence

To relate in vitro analyses to in vivo conditions is the goal of basic science research in its
attempt to connect with clinical studies. Occasionally, basic science research and clinical
research proceed concurrently, and results from those two research approaches can be
compared and integrated. To understand the totally intertwined relationship between suc-
cession of species and adherence requires a two-pronged analysis.

Studies of coaggregation in vitro by using more than 1000 isolates from dental plaque,
mostly cultured from subgingival samples, indicated that all oral bacteria adhere to other
species (Kolenbrander, 1988). At the same time that those studies were revealing the coag-
gregation potential in vitro, bacteria were being cultured and identified from clinical sites
(Loesche, et al., 1985; Moore, et al., 1987; Moore, et al., 1985; Moore, et al., 1983; Moore,
et al., 1982; Socransky, et al., 1977). Collectively, these data indicated that a succession of
bacteria developed in two ways: (i) on teeth with respect to time after the teeth had been
professionally cleaned, and (ii) in the progression of disease from health through gingivi-
tis to periodontal disease. A connection among these sets of data was proposed in 1993
(Kolenbrander and London, 1993). The connection was centered on the fact that coag-
gregation partnerships occurred selectively between the species of bacteria found together
during the species succession associated with time after tooth cleaning and with progression
of disease status.

This proposal has been validated in various ways since then. For example, an extensive
clinical analysis was reported in 1998 (Socransky, et al., 1998), which combined two aspects
of bacterial communities in vivo. The results demonstrated that the bacterial species in the
oral cavity undergo a succession from health through gingivitis to periodontal disease, and
the study showed that certain groups of species are found at healthy sites, that other groups
of species are found at periodontally diseased sites, and, based on statistically significant
associations between species, that these species of bacteria can be organized as clusters.
These clusters of species were designated with different colors; the yellow complex was
found at healthy sites and consisted solely of streptococci, the principal initial colonizers
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cells reactive with the receptor antibody. Further, they showed that cell—cell recognition was
important even in the very earliest stages of plaque development (at 4 hours). This study
highlighted not only the multi-species nature of plaque biofilms but also the importance of
cell—cell recognition in initial plaque development. The data fully supported and extended
the conclusions of Nyvad et al. (Nyvad, 1993; Nyvad and Fejerskov, 1987a; Nyvad and
Fejerskov, 1987b; Nyvad and Kilian, 1987) with respect to plaque development, while also
proving that the coaggregation interactions studied for decades in vitro (Kolenbrander, et
al., 2002) are translatable to bacterium—bacterium interactions in natural biofilms (Palmer,

et al., 2003).

Molecular phylogeny of initial dental plaque

The same stent system was used by Diaz and colleagues to explore time-resolved devel-
opment of initial plaque from a molecular taxonomic standpoint, while simultaneously
examining spatial relationships between bacteria identified using ribosome-directed fluo-
rescence in sity hybridization (FISH) (Diaz, et al., 2006). This approach paralleled that
taken by Nyvad et al. (Nyvad, 1993; Nyvad and Fejerskov, 1987a; Nyvad and Fejerskoy,
1987b; Nyvad and Kilian, 1987), but applied molecular taxonomic standards rather than
classical bacteriological techniques. The molecular community analysis was performed by
universal-primer PCR amplification of 16S rRNA genes from extracted community DNA.
This aspect of the study showed that, at four and at eight hours of biofilm development,
Streptococcus spp. comprised 60—80% of the phylotypes present; within these streptococci, S.
mitis and S. oralis (cannot be distinguished by 16S rRNA gene analysis) were the dominant
organisms and comprised between 25% and 100% of the streptococcal population. Twenty
other genera were found in these communities; the most frequently recovered of these were
Veillonella, Actinomyces, Neisseria, and Prevotella. Sixty-seven of the 513 sequences analyzed
were classified as yet-to-be-cultured phylotypes. The results obtained by Diaz et al. (Diaz,
et al., 2006) correlate well with those obtained by Nyvad et al. (Nyvad, 1993; Nyvad and
Fejerskov, 1987a; Nyvad and Fejerskov, 1987b; Nyvad and Kilian, 1987).

In addition, Diaz et al. (Diaz, et al., 2006) investigated community composition within
each of the three subjects in their study and showed variation not only in phylotypes pres-
ent but also in overall community composition between 4 and 8 hours. Thus, while the
predominant bacteria in initial plaque are similar between individuals, and while the overall
time-line of development between individuals is also similar, it is possible to detect statisti-
cally significant differences between individuals in non-streptococcal components of the
plaque community. These differences may presage shifts in the oral flora towards disease-
associated (caries, gingivitis, periodontitis) communities. The study also examined spatial
relationships between all bacteria, streptococci, and Prevotella spp. using FISH (Figure
10.2). A “universal” eubacterial probe (EUB338), was combined with either a genus-level
streptococcal probe (STR405) or a genus-level Prevotella probe (PRV392) to show that
the vast majority of bacteria on the enamel pieces were streptococci (co-reactive with EUB
and STR), and that streptococci as well as prevotellae were seen in association with other
(solely EUB-reactive) bacteria. These data first establish FISH as useful in detecting minor
(prevotellae) components of the plaque community and, second, reinforce the interactive
nature of phylotypes within the community.
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Figure 10.2 Confocal micrographs of typical multi-generic clusters of cells found on
enamel chips at 4 hours (A and B) and 8 hours (C and D) of plaque development. Cells were
simultaneously labeled with eubacterial probe EUB338 (red) and either the Streptococcus-
specific probe STR405 (green; A and B) or the Prevotella-specific probe PRV392 (green; C and
D). (A and B) Unidentified bacterial cells (EUB338 reactive; red) juxtaposed with Streptococcus
cells (EUB338 and STR405 reactive; red + green = yellow). (C and D) Unidentified bacterial
cells (EUB338 reactive; red) in association with Prevotella cells (EUB338 and PRV392 reactive;
red + green = yellow). Scale bar for all images, 5 um. Reprinted from (Diaz, et al., 2006). See
also Plate 10.2.

Rapid changes in Veillonella spp. population in vivo

In another series of experiments using this stent system, Palmer and collaborators exam-
ined temporal changes in the Veillonella strains within an individual (Palmer, ef al., 2006).
Different populations of veillonellae were identified based on time of isolation: the 4-hour
population and the 8-hour population. Using 16S ribosomal RNNA gene analysis and
ERIC-PCR analysis (a strain-level fingerprinting technique), the veillonellae were shown
to cluster based on time of isolation. An antibody was developed which identified a subset
of the 8-hour population, and a complementary antibody was developed which recognized
veillonellae regardless of time of isolation. When these antibodies were used in immuno-
fluorescence investigations of undisturbed plaque, the 4-hour-old biofilm was shown to
harbor exclusively veillonellae that reacted with the broadly reactive antibody, whereas 8-
hour-old biofilms were shown to contain mostly veillonellae reactive with both antibodies
together with a lower number of cells reactive solely with the narrowly reactive (8-hours)
antibody (Figure 10.3). Thus, the veillonellae present at 4 hours into plaque development
differ from those present at 8 hours of biofilm formation. Also, the molecular-identification
data combined with the phenotypic data showed that the veillonellae as a whole are mi-
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8 hour

Figure 10.3 Rapid succession within the Veillonella population of early plaque. Two antibodies
were employed simultaneously in these immunofluorescence experiments: one antibody,
produced against a Veillonella strain isolated from 4-hour-old plaque, is broadly reactive and
also recognizes many strains acquired from 8-hour-old plaque, whereas the second antibody,
produced against a subgingival Veillonella isolate, recognizes a narrow range of strains isolated
primarily from 8-hour-old plaque. Four-hour old plaque (left panel) contains veillonellae reactive
solely with the broadly reactive antibody (green); cells reactive with the narrowly reactive antibody
(red) are not seen in this plaque. In contrast, 8-hour-old plaque (right panel) contains veillonellae
reactive solely with the narrowly reactive antibody (red) as well as veillonellae co-reactive with
the broadly reactive antibody plus the narrowly reactive antibody (green + red = yellow). Thus,
a shift in the phenotype (as measured by antibody reactivity) of the veillonellae population
within plaque occurs between 4 and 8 hours of biofilm development. Antibody-reactive cells are
typically associated with antibody-unreactive cells (blue = Syto 59 nucleic acid stain) showing
the multi-species nature of plaque communities. Scale bar = 20 um. Reprinted from (Palmer, et
al., 2006). See also Plate 10.3.

croheterogeneous, i.e. that differences not detectable at the ribosomal RNA gene sequence
level are widespread in this group of organisms and that these differences may be relevant to
fitness of particular veillonellae at different times in biofilm development. Lastly, in immu-
nofluorescence experiments on intact plaque that combined a veillonella-directed antibody
with an antibody that recognizes a subset of streptococci (those bearing a particular coag-
gregation-associated cell-surface polysaccharide), it could be shown that veillonellae were
in immediate proximity to streptococci. This association has a physiological basis in the
absolute requirement of veillonellae for short-chain organic acids, such as those produced
by metabolism of streptococci.

Retrievable subgingival plaque model

Retrieval of intact biofilm from the periodontal pocket is difficult because the types of
carriers and substrata are limited to those that cause the patient minimal discomfort in a
sensitive area of the oral cavity. The devices must be small, thin, and lacking sharp edges.
One device cutrently in use is a plastic rod around which a PTFE membrane is wrapped
(Wecke, et al., 2000). The rod and membrane are inserted into the sulcus; a short length of
membrane extends out of the sulcus and is cemented onto the supragingival tooth surface
to stabilize the device in the pocket. The devices have been inserted into deep (ca. 8 mm)
pockets of periodontally diseased individuals and carried for up to six days. After removal,
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the membrane is unfurled, the adherent biofilm is fixed and the membrane is embedded
in resin for sectioning. Sections can then be processed for electron microscopy or for light
microscopy. This approach can also accommodate ultra-thin dentin pieces (attached to the
PTFE membrane), or gold foil instead of PTFE. Intact biofilms on the substrata can be
analyzed with FISH, and single-cell resolution is achievable within the sections if confocal
microscopy is used. Wecke et al. (2000) were able to demonstrate a variety of organisms in
direct association within these biofilms. One feature of this approach is that, if the orienta-
tion of the membrane is maintained during sample workup, a record of the biofilm architec-
ture from top to bottom of the pocket is obtained. In other studies, intact biofilms through
removal of the tooth and associated tissues have been obtained. Such samples have been
processed and analyzed using immunohistochemical (Noiri, et al., 2001; Noiri, et al., 1997),
immunoelectron microscopical (Noiri and Ebisu, 2000), and FISH techniques (Sunde, et
al., 2003). Mapping of organismal distribution throughout the entire periodontal pocket is
possible (Noiri, et al., 2001). Species colonize preferentially at certain sites on the tooth and
associated tissues resulting in multi-species communities composed of the same species but
in different proportions, which is consistent with the ecological plaque hypothesis.

Analyzing in vivo developed multi-species biofilms in vitro

The retrievable-enamel-piece-model is an effective tool for analysis of accumulation rates in
vivo and growth rates of the adherent bacteria. Enamel pieces (bovine origin) were placed
on six teeth of each of 18 healthy subjects, and an enamel piece was retrieved after 2, 4,
8 and 24 hours (Bloomquist, et al., 1996). Measurements during these first 24 hours of
plaque formation were conducted after gently sonicating the retrieved enamel piece, plating
the released bacteria on culture media to enumerate different species of bacteria, and using
radiolabeled nucleoside incorporation to determine DNA synthesis in the sonically re-
leased bacteria. Determinations of the rate and saturation of bacterial adherence to enamel
for the initial 2 to 4 hours indicated that accumulation doubled every 12 to 24 minutes
indicating an unexpectedly rapid rate of bacterial biofilm formation. Most (81%) of these
initial colonizers were streptococci. Actinomyces and veillonellae composed the other spe-
cies investigated. After the initial 4 hours, doubling of adherence occurred every 60 minutes
or less until a population density of 2.5 X 10° t0 6.3 X 10° cells per mm? was obtained. This
density was considered saturating, At and below this density, the bacteria, sonically removed
from the saliva-coated enamel, incorporated radiolabeled thymidine at low levels per viable
cell. A small increase in radionuclide incorporation per cell was seen as densities increased
up t0 2.0 X 10° cells per mm?2 However, a marked increase in the incorporation per cell was
seen at the density of 2.5 X 10° to 4.0 x 10° cells per mm?. At higher densities, 4.5 X 10°
to 8.5 % 10° cells per mm?, the rate of incorporation dropped to levels seen at the lowest
cell density. The increase in density of streptococci and of actinomyces as a function of the
increase in total bacterial density was linear. In sharp contrast, the increase in veillonellae as
a function of the increase in total bacterial density was bimodal. A rapid increase in density
of veillonellae occurred at approximately 5 X 10° total cells per mm?, the saturation density.
An interpretation of these observations is that the community metabolism changes at this
density to favor the growth of veillonellae. The radionuclide incorporation period was only
for 30 minutes; radiolabeled adenine gave similar results to radiolabeled thymidine. Also,
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radiolabeling adherent cells on the enamel piece before sonically releasing the cells yielded
similar results to those obtained by labeling cells after sonication. These analyses report the
vital activity of in vivo biofilm bacteria in mixed-species natural populations. In addition,
these results show the rapid binding of bacteria to form a biofilm on enamel and they show
the importance of density of bacteria in the very early stages of development of multi-spe-
cies biofilm communities.

The apparent cell-density-related marked increase in DNA synthesis suggests that a
signal/s was transmitted among the community. The signal/s was never identified, but,
because it appeared to be associated with cell density, autoinducer-1 (AI-1; (Fuqua, et al,,
1994; Atkinson et al., this volume)) or autoinducer-2 (AI-2; (Schauder, et al., 2001; Wood
and Bentley, this volume)) or autoinducer-3 (AI-3; (Walters, et al., 2006)) might be involved.
No evidence for AI-1 has been found in oral bacteria (Frias, et al., 2001; Whittaker, et al.,
1996), and the presence of AI-3 in oral bacteria has yet to be examined. However, AI-2 has
been reported in many oral bacteria (Blehert, et al., 2003; Burgess, et al., 2002; Chung, et al,,
2001; Federle and Bassler, 2003; Fong, et al., 2001; Frias, et al., 2001; McNab, et al., 2003).
This molecule has been proposed as a universal inter-species signal (Schauder, et al., 2001).
Investigations exploring the role of AI-2 have been conducted in vitro and are reviewed
by Wood and Bentley (this volume). We showed that AI-2 affected the architecture of S.
gordonii mono-culture biofilms (Blehert, et al., 2003) and that mutualism in vitro between
A. naeslundii and S. oralis is mediated by AI-2 (Rickard, et al., 2006). It is unlikely that
these two species are the only ones that communicate by the interspecies signal AI-2, and
therefore it is wise to initiate investigations of other logical communicating partnerships
and communities.

One way to initiate the search for mutualistic interactions and the role of AI-2 in cell-
density regulated gene expression is to use the retrievable enamel piece model, as was done
by Liljemark and collaborators (Bloomquist, et al., 1996) and discussed above. We propose
that signals such as AI-2 are exchanged in vivo in dental plaque. Furthermore, we propose
that coaggregation contributes to AI-2 mediated signaling between species, which in turn
contributes to succession of species between oral hygiene procedures and succession of
species accompanying progression of disease from health through gingivitis to periodontal
disease.

Summary

The human oral cavity contains numerous ecologically distinct surfaces. Some are bathed
in saliva and others in gingival crevicular fluid. Some are composed of non-shedding hard
tissue such as enamel (tooth crown) or cementum (root surface) and other surfaces are des-
quamating soft tissues; some of the latter are keratinized and others are non-keratinized.
All surfaces have access to all of the oral bacteria through the salivary and gingival crevicular
fluid flow. However, the multispecies biofilms that develop on each surface are unique in
the proportions of species that colonize. Many of the species are taxonomically identical,
but that may be too simple a statement. Closer examination, as was done with the initial
colonizing veillonellae (Palmer, et al., 2006) revealed that the veillonellae, while taxonomi-
cally identical are in fact distinct in other properties. Coaggregation has long been known
to exist among oral bacteria (Gibbons and Nygaard, 1970), and investigations of more than
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1000 fresh isolates of more than 30 species revealed that all isolates have coaggregation
partners (Cisar, et al., 1979; Kolenbrander, 1988; Kolenbrander, et al., 2002; Kolenbrander,
et al., 1985; Kolenbrander, et al., 1989; Kolenbrander, et al., 1990; Kolenbrander and Lon-
don, 1993; Kolenbrander, et al., 2006). The role for coaggregation in vivo in developing
multispecies biofilms on enamel (dental plaque) was demonstrated by using highly specific
antibodies against complementary coaggregation mediators (receptor polysaccharide on
the streptococci and type 2 fimbriae on the actinomyces) and showing the tight juxtaposi-
tion of these labels (Palmer, et al., 2003). Culture independent molecular techniques for
identification of oral species have given us a new look at the microbial diversity on oral
surfaces. Results from these techniques have confirmed and extended the results obtained
by culturing. Together, the approaches to in vivo biofilm research in the oral cavity have
revealed that colonization of the diverse surfaces is non-random, community composition
is repetitive on surfaces that have been cleaned, and multi-species biofilm development
involves cell—cell adherence,
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