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changes would be random. Due to the dynamics of growth and
adherence, the bacterial populations in the oral cavity are
constantly changing, even during the intervals between normal
daily oral hygiene treatments. It is unlikely that the various
species within oral biofilms function as independent, discrete
constituents; rather, these organisms function as a coordinated
community that uses intra- and interspecies communication.
For the past 40 years, pure cultures of oral bacteria have
been isolated from supragingival and subgingival dental plaque
removed from healthy and diseased sites. The numbers and
variety of bacteria obtained from many clinical conditions have
been catalogued (10, 19, 72, 109, 137). Estimates of the bacterial species diversity in the oral cavity, based on both culturedependent methods (109, 136) and culture-independent methods (83, 123), indicate about 500 species. About 415 species are
estimated to be present in subgingival plaque (123), and many
of these are also found in supragingival plaque. Cultured species account for about 60% of the organisms identified by
molecular methods, indicating that the oral cavity is an environment where most species can be studied by routine culture
methods. This is distinct from other environments where less
than 1% of the clones obtained by molecular methods represent cultured species (2, 44, 54, 118). Thus, dental plaque is
one of the best-described mixed-species bacterial communities.
Because it is easily accessible, it is convenient to study this
complex model system.
Most of the cultured species of oral bacteria have been
tested for their ability to physically interact with and adhere to
different species, and all display specific recognition patterns
with their respective partner cells (154). This recognition between genetically distinct cells in suspension and resultant
clumping is called coaggregation (72). Recognition between a
suspended cell type and one already attached to a substratum
is termed coadhesion (9). These interactions often appear to

INTRODUCTION
Communication is a key element in successful organizations.
The bacteria on human teeth and oral mucosa have developed
the means by which to communicate and thereby form successful organizations. These bacteria have coevolved with their
host to establish a highly sophisticated relationship in which
both pathogenic and mutualistic bacteria coexist in homeostasis. The fact that human oral bacteria are not found outside the
mouth except as pathogens elsewhere in the body (51) points
to the importance of this relationship. Communication among
microorganisms is essential for initial colonization and subsequent biofilm formation on the enamel surfaces of teeth and
requires physical contact between colonizing bacteria and between the bacteria and their host. Without retention on the
tooth surface, the bacteria are swallowed with the saliva.
Through retention, these bacteria can form organized, intimate, multispecies communities referred to as dental plaque.
Sequential changes in populations of bacteria associated
with tooth eruption (20, 21, 102, 138) as well as with caries
development (53) and periodontal disease states (109, 136) are
known. Temporal changes in populations of bacteria on tooth
surfaces after professional cleaning are ordered and sequential
(92, 114, 115). Such sequential changes must occur through
attachment and growth of different bacterial species. With the
attachment of each new cell type, a nascent surface is presented for the attachment of other kinds of bacteria, resulting
in a progression of nascent surfaces and concomitant changes
in species diversity (79, 137). Such coordination indicates communication. In the absence of communication, these orderly
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SPATIOTEMPORAL MODEL OF ORAL
BACTERIAL COLONIZATION
Development of the oral microbial community involves competition as well as cooperation among the 500 species that
compose this community. A few of those oral species are
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shown in Fig. 1 in a diagram illustrating competition and cooperation among early and late colonizers of the tooth surface.
The acquired pellicle, which is composed of a variety of hostderived molecules, coats the enamel surface within minutes
after professional cleaning and is a source of receptors recognized by the primary colonizers of dental plaque. These receptors include mucins, agglutinins, proline-rich proteins, phosphate-rich proteins such as statherin, and enzymes such as
alpha-amylase (Fig. 1, blue-green columns, bottom). Each is a
known receptor for particular oral species.
Streptococci constitute 60 to 90% of the bacteria that colonize the teeth in the first 4 h after professional cleaning (115).
Other early colonizers include Actinomyces spp., Capnocytophaga spp., Eikenella spp., Haemophilus spp., Prevotella spp.,
Propionibacterium spp., and Veillonella spp. Many of the physical interactions that occur between the organisms of this community are known (72, 73, 154), and some are depicted in Fig.
1. The complementary symbols depict physical interactions
known to occur between a pair of species. The different shapes
and colors of the complementary symbols in Fig. 1 represent
potentially distinct coaggregations. Rectangle-shaped symbols
of any color represent lactose-inhibitable coaggregations,
which are prevalent among oral bacteria (27, 72). Those of the
same color represent functionally similar but not identical coaggregations. For example, the red rectangle symbols on the
purple circle representing Streptococcus oralis and Streptococcus sanguis indicate a receptor polysaccharide named 1 Gn
with the structure 3PO4⫺ 36GalNAc␣133Rha␤134Glc␤13
6Galf␤136GalNAc␤133Gal␣13)n (28). The GalNAc␤133
Gal receptor site in 1 Gn is recognized by functionally similar
adhesins on Streptococcus gordonii, Haemophilus parainfluenzae, Prevotella loescheii, Veillonella atypica, Eikenella corrodens,
and Actinomyces naeslundii. These adhesins are of various molecular sizes, and the species bearing the adhesins compete
with each other for binding to the receptor polysaccharide (72,
73, 154). Thus, it is postulated that coaggregation and coadherence are integral to communication between species and
help to establish patterns of spatiotemporal development.
Early Colonizers
Viridans streptococci (Fig. 1, bottom, purple circles), especially S. gordonii, are ideal model organisms to study because
they are early colonizers, they coaggregate with a variety of
oral bacteria, they bind to several host molecules, and many
are genetically transformable. Streptococcus is the only genus
of oral bacteria that demonstrates extensive intrageneric coaggregation as well as intergeneric coaggregation (73, 78). The
ability to bind to other early colonizers and to host molecules
(Fig. 1, lower half) may confer an advantage on these viridans
streptococci in establishing early dental plaque. S. gordonii
binds to salivary agglutinin glycoproteins by SspA/B (37), to
alpha-amylase by AbpA (14, 132), and to the ␣2-3-linked sialic
acid termini of O-linked oligosaccharides of host glycoconjugates by Hsa (142). Hsa has 113 serine-rich dodecapeptide
repeats (142) and may be the sialic acid-binding adhesin involved in utilization of sialic acid as a nutrient, as has been
shown for several viridans streptococci (17).
S. gordonii binds to acidic proline-rich proteins (PRPs) via
the ProGln termini of PRPs (52). Acidic PRPs account for 25
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be mediated by complementary protein-adhesin and saccharide-receptor components on the two cell types (22, 27, 28, 143,
154). In many coaggregates, galactosides are competitive inhibitors of coaggregation, indicating a likely lectin-carbohydrate recognition between cognate molecules on the two cell
surfaces (27, 78, 103, 154). These properties offer microbial
ecologists and molecular biologists opportunities to explore
the mechanisms of cell-cell recognition and their role in fostering bacterial biofilm communities in dental plaque.
Model systems useful for the study of mixed-species communities include biofilms on substrata (31, 155, 156) and
planktonic communities grown in chemostats (11, 12). One
model that has been employed to study oral bacterial colonization in vivo is a retrievable enamel chip worn by human
volunteers (92, 115, 121). An in vitro model consisting of a
flowcell with saliva-coated surfaces has offered an excellent
platform for studying the adherence and growth of oral bacteria (75, 76, 119, 120). Community organization in the in vivo
enamel chip and the in vitro flowcell model systems can be
investigated by using confocal laser microscopy.
Avenues of communication among these ever-changing populations are likely to include metabolite exchange (57), cell-cell
recognition (73, 120), genetic exchange (89), and signaling
molecules produced by the host (82) and by other bacteria (15,
26, 48). A concert of communication methods probably occurs
to establish transitory community organizations. The species
participating in these oral communities compete and cooperate en route to establishing a climax community that may
encompass all of the more than 500 known species. Overall,
little is known about the communication mechanisms used by
oral bacteria to establish these communities and to prevent
disappearance from their habitat. This review focuses on these
mechanisms, with the greatest attention devoted to cell-cell
recognition and autoinducer-2, a signaling molecule produced
by many bacteria, including oral bacteria. This review does not
cover the equally exciting area of bacterium-host interactions.
In this review, our definition of communication among oral
bacteria is not limited to effects of transcriptional activators,
chemotactic signals, or two-component regulatory elements.
Rather, here we include the view of bacteria responding to
their environment. The first response in a biofilm is attachment
to a surface, and this is communication. If adherence were
nonspecific, then all bacteria could attach to oral surfaces, and
this does not occur. After adherence, bacteria form multispecies communities. As in nonmicrobial ecosystems, some species are more successful at the beginning and other species are
more successful at the end of community evolution; the timing
of these successful opportunities may well relate to sequential
modifications of the environment by the community. The
methods by which these bacteria communicate to accomplish
ordered multispecies communities is an active area of research,
and we discuss some of the progress made in understanding
communication among oral bacteria.

COMMUNICATION AMONG ORAL BACTERIA
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FIG. 1. Spatiotemporal model of oral bacterial colonization, showing recognition of salivary pellicle receptors by early colonizing bacteria and
coaggregations between early colonizers, fusobacteria, and late colonizers of the tooth surface. Each coaggregation depicted is known to occur in
a pairwise test. Collectively, these interactions are proposed to represent development of dental plaque and are redrawn from Kolenbrander and
London (79). Starting at the bottom, primary colonizers bind via adhesins (round-tipped black line symbols) to complementary salivary receptors
(blue-green vertical round-topped columns) in the acquired pellicle coating the tooth surface. Secondary colonizers bind to previously bound
bacteria. Sequential binding results in the appearance of nascent surfaces that bridge with the next coaggregating partner cell. Several kinds of
coaggregations are shown as complementary sets of symbols of different shapes. One set is depicted in the box at the top. Proposed adhesins
(symbols with a stem) represent cell surface components that are heat inactivated (cell suspension heated to 85°C for 30 min) and protease
sensitive; their complementary receptors (symbols without a stem) are unaffected by heat or protease. Identical symbols represent components that
are functionally similar but may not be structurally identical. Rectangular symbols represent lactose-inhibitable coaggregations. Other symbols
represent components that have no known inhibitor. The bacterial strains shown are Actinobacillus actinomycetemcomitans, Actinomyces israelii,
Actinomyces naeslundii, Capnocytophaga gingivalis, Capnocytophaga ochracea, Capnocytophaga sputigena, Eikenella corrodens, Eubacterium spp.,
Fusobacterium nucleatum, Haemophilus parainfluenzae, Porphyromonas gingivalis, Prevotella denticola, Prevotella intermedia, Prevotella loescheii,
Propionibacterium acnes, Selenomonas flueggei, Streptococcus gordonii, Streptococcus mitis, Streptococcus oralis, Streptococcus sanguis, Treponema
spp., and Veillonella atypica.

to 30% of the total proteins in saliva; they regulate calcium
phosphate and hydroxyapatite crystal equilibrium and thus
contribute to stabilizing tooth integrity. They are encoded by
host loci PRH1 and PRH2 and comprise five variants of 150 or
171 residues (63). One of these, acidic PRP-1, has been studied
in some detail and may serve as a nutrient source for early

colonizers. S. gordonii rapidly degrades the 150-amino-acid
protein into two detectable peptides, the 105-amino-acid peptide derived from the amino-terminal region and a peptide
corresponding to the 40 C-terminal amino acids, which are
further degraded to oligopeptides (88). The pentapeptide expected to result from the intervening region was not detected,
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F. nucleatum and Late Colonizers
The bacterial species shown in Fig. 1 are placed in either of
two general categories, early colonizers or late colonizers. This
placement is based on the species of bacteria identified in
dental plaque during temporal sampling after oral hygiene
procedures were conducted (109, 115, 137). Fusobacterium nucleatum, however, is unusual and is intentionally placed at the
border between early and late colonizers (Fig. 1) for the following reasons. First, F. nucleatum is the most numerous gramnegative species in healthy sites, and its numbers increase
markedly in periodontally diseased sites (109). It is always
present whenever Treponema denticola and Porphyromonas
gingivalis are also present, suggesting that its presence predates
that of the other two species and may be required for their
colonization (137). Second, F. nucleatum coaggregates with all
of the early colonizers and the late colonizers (4, 77). The
bacteria representing early colonizers coaggregate with only a
specific set of other early colonizers but not with all of them
and generally not with any of the late colonizers (73, 79, 154).

Although all the late colonizers coaggregate with F. nucleatum,
they generally do not coaggregate with each other. A few
exceptions, such as T. denticola coaggregating with P. gingivalis,
have been reported (158) (Fig. 1, top right). Thus, F. nucleatum
acts as a bridge between early and late colonizers, which may
partially explain why fusobacteria are so numerous in samples
from both healthy and diseased sites.
The cognate receptors (Fig. 1, blue rectangles) on the surface of the partners of F. nucleatum display functional similarity. They are depicted as competing for binding with the same
F. nucleatum adhesins (Fig. 1, upper half). This idea is based
on the observation that spontaneous mutants of F. nucleatum
which were selected solely on the basis of being unable to
coaggregate with P. gingivalis had also lost the ability to coaggregate with all of the lactose-inhibitable coaggregation partners but retained the ability to coaggregate with other partners
(4). Just as these receptors exhibit functional similarity, adhesins recognizing the same 1 Gn receptor polysaccharide on
S. oralis and S. sanguis (Fig. 1, lower half) exhibit functional
similarity. The lactose-inhibitable coaggregations (Fig. 1, blue
rectangles) between F. nucleatum and its partners appear to be
mediated by the same galactose-binding adhesin that mediates
attachment of F. nucleatum to mammalian cells, including human buccal epithelial cells and gingival and periodontal ligament fibroblasts (152). A mutant of F. nucleatum with no
galactose-binding activity does not bind to eukaryotic cells. An
independent study reported galactose-inhibitable binding and
invasion of human gingival epithelial cells by F. nucleatum (59).
These results attribute great potential significance to galactose-sensitive adhesins for initiating communication between
early and late colonizers as well as with their host.
Finally, in addition to interactions with oral bacteria and
host cells, F. nucleatum interacts with and binds host-derived
molecules, such as plasminogen (33). F. nucleatum is generally
nonproteolytic, but organisms that coexist with it, such as P.
gingivalis, are highly proteolytic and can activate fusobacterium-bound plasminogen to form fusobacterium-bound plasmin,
a plasma serine protease (33). Acquisition of proteolytic ability
on its cell surface confers on the fusobacteria a new metabolic
property, the ability to process potential peptide signals in the
community. These peptides may be used as nutrients by fusobacteria or by other biofilm residents. F. nucleatum also induces expression of ␤-defensin 2, a small cationic peptide produced by mucosal epithelial cells (82). P. gingivalis does not
elicit ␤-defensin 2 production, suggesting a distinction between
these two important oral bacteria and their role in stimulating
innate immune responses (82). Although F. nucleatum is often
considered a periodontal pathogen, it may instead contribute
to maintaining homeostasis and improving host defense
against true pathogens.
Cooperation and Competition
In addition to fusobacteria acting as the principal coaggregation bridge between early and late colonizers, bridging
among early colonizers is also possible. Some of these coaggregation bridges are shown in Fig. 1. For example, coaggregation between P. loescheii and S. oralis is lactose inhibitable
(Fig. 1, red rectangle), and coaggregation between P. loescheii
and Actinomyces israelii is lactose noninhibitable (Fig. 1, yellow
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but a synthetic peptide of the same sequence (Arg106Gly107
Arg108Pro109Gln110) caused detachment of A. naeslundii from
PRP-1-coated latex beads, suggesting a mechanism for competition with other early colonizers (88). Thus, PRPs are not
only receptors for binding bacteria (Fig. 1), they are also a
ready nutrient source with an ecological bonus of modulating
the adherence of potentially competing bacteria such as A.
naeslundii (Fig. 1, lower right) at the tooth surface.
Oral bacteria capable of binding to a receptor and subsequently utilizing the receptor as a nutrient are suited to this
task because they have diverse mechanisms for attachment.
They can bind to other host receptors or to other bacteria
while degrading the PRP nutrient. The numerous interactions
between streptococci, host molecules, and other early colonizers demonstrate multifactorial communication between bacteria and their environment.
Early-colonizing bacteria have been shown to regulate gene
expression in response to a saliva-containing environment. In
saliva, S. gordonii DL1 increases expression of sspA/B (39),
encoding surface proteins that bind to salivary agglutinin (37),
an interaction depicted at the bottom of Fig. 1. Thus, streptococci suspended in saliva may bind to salivary agglutinin and
elicit enhanced expression of sspA/B. Several other saliva-regulated genes include S. gordonii hppA, encoding an oligopeptide-binding lipoprotein, a homologue of the Streptococcus mitis glucose kinase gene gki, and a homologue of Lactococcus
lactis clpE, encoding a member of the Clp protease family (39).
These saliva-regulated proteins represent only a small assortment of the expected total proteins regulated by environmental
conditions. They do, however, indicate that S. gordonii responds, at the transcriptional level, to elements from its natural
oral environment.
Considering that each of the approximately 500 species in
the oral bacterial community (Fig. 1) has such a potential for
gene regulation in response to host-produced molecules and
physical interactions with other bacteria, the complexity of
possible interactions within the oral environment and the number of opportunities for cell-to-cell communication become
daunting.
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FIG. 2. Human oral biofilm formed in vitro with a saliva inoculum and using sterile saliva as its sole source of nutrient. The 25-m-thick biofilm
was grown overnight suspended from the underside of the coverslip of a flowcell with saliva flowing through once at 0.2 ml per min. Bacterial
juxtaposition and biofilm architecture were imaged by confocal scanning laser microscopy after staining the cells with Live/Dead stain (Molecular
Probes, Eugene, Oreg.). The color of the cells is from the red (propidium iodide; damaged or permeable cell membrane) and green (SYTO 9;
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obelisk). S. oralis is not able to coaggregate with A. israelii;
therefore, P. loescheii acts as a bridge of coaggregation. Both
A. israelii and P. loescheii coaggregate with F. nucleatum, which
coaggregates with all the late colonizers.
Coaggregation bridges are mechanisms of cooperation because they bring together two species that are not coaggregation partners. Such bridges may be critical for temporary retention of bacteria on a nascent surface and may facilitate
eventual bacterial colonization of the biofilm. The bridges are
distinct from competition, which occurs when multiple species
compete for binding to the same receptor. Competitive and
cooperative mechanisms may be central to successful mixedspecies colonization as well as the proper succession of genera
known to occur on teeth in both health and disease.
COMMUNITY ARCHITECTURE AND
METABOLIC COMMUNICATION

Experimental approaches towards understanding human
oral communities often start with in vitro studies and simple
model systems. Several model biofilm systems have been developed, and most involve the flow of nutrients over a surface
to which bacteria are attached (155, 156). Others employ a
static support, such as a hydroxyapatite disk immersed in
growth medium with gentle shaking (58). The substratum, nutrient medium, and oral bacteria chosen for study vary considerably among these models. Results from each model system
contribute to our understanding of the growth and activity of
bacteria on oral surfaces.
One system used in our laboratory is the flowcell, based on
a design by Palmer and Caldwell (119), in which a microscope
slide and coverslip are separated by a silicone rubber gasket
that forms two channels (75). Sterile saliva is used as the sole
nutrient source and is used to coat the glass before addition of
bacteria to the flowcell. During a static period, bacteria bind to
the saliva conditioning film, after which saliva flow is initiated,
leading to the formation of a biofilm.
Inoculation of the flowcell with whole, unfiltered saliva followed by laminar flow of sterile saliva overnight results in a
bacterial biofilm community attached to the saliva-coated substratum and extending towards the lumen (Fig. 2). After 18 h
of growth, microcolonies consisting of different bacterial morphotypes are found in juxtaposition, suggesting construction of
mixed-species communities. The spaces between these microcolonies indicate that communication by diffusible small molecules would require transmission over large distances and
through a large volume of saliva compared to the cell-to-cell
distances within a microcolony. The presence of several distinct cellular morphologies at the substratum (Fig. 2A) clearly

indicates that many of the attached cells are already arranged
as mixed-species communities.
Many initial attachments occur by only a few cells (Fig. 2A,
arrow), compared to the contiguous, more voluminous colony
mass extending toward the lumen (Fig. 2B, C, D, E, and F,
arrows). This feature is characteristic of multispecies biofilm
growth in laminar flow conditions as used in Fig. 2 and in
certain monospecies biofilms (119). Under these conditions,
initial colonization on the substratum is followed by axial
growth and accumulation toward the lumen. In laminar flow,
little shear force occurs at the substratum because salivary flow
velocity is greatly reduced at the substratum compared to that
in the lumen bulk phase. Accordingly, delivery of nutrient is
higher in the faster-flowing region and may account for the
greater biovolume found distant from the substratum. The
larger cell masses may contact each other (Fig. 2C, doubleheaded arrow) and thus facilitate communication within the
large surrounding void. Increasing separation between contacted communities (Fig. 2D, double-headed arrow) may accompany progression of the biofilm towards the lumen (Fig. 2E
and F).
The apparent diversity and range of interactions that seem
to occur in mixed-species communities (as shown in Fig. 2)
help explain why seemingly healthy and active multispecies
communities are capable of growth solely on saliva (34). The
participants in this multispecies biofilm must signal each other
in numerous ways from initial colonization through the various
physiological stages en route to a mature biofilm community. It
is important to consider that the laterally and axially (from top
to bottom) organized communities are not composed of cells
exhibiting just one cellular morphology. Rather, each of these
adjacent communities may comprise many species. In fact, cells
of nearly identical morphology may be different species.
Because of this complexity, such communities are difficult to
study without highly specific tools or probes. Probes that are
fluorescent permit imaging by confocal laser microscopy and
can be used to examine spatiotemporal relationships. Several
types have been used with success, including green fluorescent
protein (5, 60), fluorescently labeled antibodies to surface antigens (5, 75, 120), and fluorescently labeled 16S rRNA-targeted probes (110).
Each bacterial species has a unique DNA sequence encoding the 16S subunit rRNA (16S rDNA). Modern bacterial
phylogenetic schemes are based on the 16S rDNA sequence,
and signature sequences unique to a particular species can be
used as nucleotide probes for fluorescence in situ hybridization
(FISH) to localize species in their natural habitat. Probe specificity can be evaluated by blot surveys against RNA from a
range of oral species (122) or by mixing a selected group of oral
bacterial species and examining by FISH the specificity of the

healthy cell) fluorescent stains. Colocalization of both fluorophores results in yellow staining. Confocal scanning laser microscopy acquires optical
sections through the biofilm; each optical section is 0.5 m thick. The entire biofilm is represented in six images (A to F). Panel A is the 0.5-m
optical section at the substratum and shows the biofilm footprint. Panel F is the top 0.5 m of the biofilm where it projects into the lumen of the
flowcell. The other four projection images contain eight sections per projection and show the 4-m-thick regions from 4 to 8 m from the
substratum (B), 8 to 12 m from the substratum (C), 12 to 16 m from the substratum (D), and 16 to 20 m from the substratum (E). Regions
indicated by arrows are described in the text. Bar, 10 m. Microscopic observations and image acquisition were performed on a TCS 4D system
(Leica Lasertechnik GmbH, Heidelberg, Germany).
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probe in whole cells by confocal microscopy (Fig. 3). In Fig. 3,
the probe was targeted to the 16S rRNA of Actinomyces serovar WVA963 strain PK1259 and was specific for actinomyces
cells (Fig. 3B, green cells). This mixture of cells also contained
fusobacteria (spindle-shaped cells), streptococci (spherical
cells in chains), and veillonellae (smaller spherical cells in
clumps). Four oral bacterial genera are represented here, and
each coaggregates with the other three.
Several coaggregates were visible after briefly mixing the
four species to prepare this specimen (Fig. 3). The large coaggregate (Fig. 3C, arrow), consisting of actinomyces (yellow)
and other cells (red), clearly shows the juxtapositioning of
distinct cell types. Juxtapositioning is also seen in the examples

of other coaggregations (Fig. 3C and D, c1-5), but the identity
of the spherical cells cannot be unequivocally determined from
morphology alone. The specificity of nucleic acid probes makes
them particularly useful in identifying bacteria in situ, and
FISH would be an excellent method for identifying the organisms shown in Fig. 2. Thus, specific 16S rRNA-targeted probes
are useful for identifying oral bacteria within dental plaque
without disrupting community architecture. The combination
of FISH with autoradiography can provide additional information on the metabolism of these cells in complex communities
by coupling identification of species with uptake of radiolabeled substrates (87, 117).
Using fluorescently conjugated antibodies raised against cell
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FIG. 3. Four-genus mixture of oral bacteria stained with a specific probe by FISH and the nonspecific nucleic acid stain SYTO 59. (A) Confocal
micrograph of a field of cells stained with the nucleic acid stain SYTO 59. The field of cells contains the following species: Actinomyces serovar
WVA963 strain PK1259 (a), F. nucleatum PK1594 (f), S. gordonii DL1 (s), and Veillonella atypica PK1910 (v). (B) Confocal micrograph of the same
field showing the location of the fluorescein isothiocyanate-labeled actinomyces-specific probe. The image demonstrates that the probe interacts
only with actinomyces cells (a). (C) Overlay of confocal micrographs (A and B), demonstrating the specificity of the actinomyces probe. Areas of
colocalization of fluorescein isothiocyanate and SYTO-59 markers appear yellow. The yellow actinomyces cells are in contact with other cells seen
at the edges of the actinomyces cluster. Coaggregations (c1 to c5) of different species within the mixed culture are also visible. (D) Differential
interference contrast image of the field of cells using transmitted light. The distinct morphologies of the various cells in the mixed culture are
visible. Bar, 10 m. Microscopic observations and image acquisition were performed on a TCS 4D system (Leica Lasertechnik GmbH, Heidelberg,
Germany).
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such as the oral cavity. It allows communication signals synthesized after cell contact to enter the nascent environment
and thereby encourage development of other, more favorable
interbacterial relationships. For example, for the species discussed above (Fig. 4) (120), retention of S. oralis in an S.
gordonii-dominated biofilm could enable S. oralis to wait for
introduction of a more favorable partner, such as A. naeslundii,
to join the biofilm community. Coadherence of A. naeslundii to
S. oralis could then result in luxuriant growth of the partners.
In addition, rapid growth of S. oralis and A. naeslundii could
diminish growth of S. gordonii through competition for the
same nutrient. Indeed, it is known that S. oralis is a dominant
early colonizer of the tooth surface, while S. gordonii is present
in lower numbers (114, 115). The ability to form advantageous
partnerships and, by comparison, the ability to grow independently represent two of the physiological communication strategies that may occur in developing early dental plaque communities.
Another form of communication among oral bacteria in
dental plaque is the exchange of free DNA from lysed cells to
transformation-competent cells. Transformation of S. gordonii
has been shown to occur in vitro with plasmid DNA in human
saliva (104). The half-life for transforming activity of both
plasmid and chromosomal DNA is only 5.7 s in saliva in the
mouth, but 5.7 s is sufficient for DNA uptake and protection
from salivary nucleases (105). Natural genetic transformation
has been reported for many oral streptococci in planktonic
cultures and occurs by induction of genetic competence
through a competence-stimulating peptide (CSP) signaling system (61, 97). Competence in these bacteria is a quorum-sensing phenomenon, where the quorum size required may be
species and strain specific. The products of at least six genes,
comAB, comX, and comCDE, are involved in CSP signaling.
CSP is encoded by comC and is usually found in a genetic locus
with comD and comE, which encode a histidine kinase and a
response regulator, respectively. A mutation in comD was
identified in a screen of S. gordonii mutants with biofilm formation defects (94). Thus, it appears that oral streptococci in
biofilms may communicate by a quorum-sensing CSP signaling
system.
Cvitkovitch and coworkers discovered the quorum-sensing
CSP signaling system in Streptococcus mutans and showed that
this system is essential for genetic competence in S. mutans
(89) and that it is involved in biofilm formation (91). Knockout
mutants defective in comC, comD, comE, and comX were
constructed and compared with the wild type. All of the mutants formed altered biofilms. Either exogenous addition of
CSP or complementation of mutant comC with a plasmid containing wild-type comC restored the wild-type biofilm phenotype to the comC mutant (91). However, neither addition of
CSP nor complementation showed any effect on the biofilms
formed by the other com mutants. This quorum-sensing system
also functions to regulate acid tolerance in S. mutans biofilms
formed in vitro (90). Densely packed cells are more resistant to
killing by low pH than are cells in less populated regions of the
biofilm (90).
Accompanying the discovery of the CSP system is the evidence that biofilm growth of the streptococcus greatly enhances both competence induction and uptake and integration
of a variety of plasmid and chromosomal donor DNAs (89).
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surface epitopes to probe biofilms for the location of particular
organisms has the advantage of detecting a functional surface
component in a complex biofilm. The disadvantage of this
technique is the extensive characterization of the antibody
required to determine its specificity. In some situations, even
highly specific monoclonal antibodies react with an antigen,
such as phosphorylcholine, which is found on several genera of
oral bacteria (55). Such broad cross-reactivity may be useful
for detecting cells expressing the antigen but does not permit
identification of species in a mixed-species community. However, in other situations, it is likely that a functional surface
receptor polysaccharide or cognate adhesin is found only on
certain species and thus would map both a function and taxonomy. We have used both antibodies and green fluorescent
protein to identify bacteria in dual-species biofilms in vitro (5,
120). A summary of this study follows.
When unamended sterile saliva is the nutrient source for
monoculture biofilms, S. gordonii DL1 is capable of growth,
whereas S. oralis 34 and A. naeslundii T14V are unable to grow
(120). Each of these species coaggregates with the other two,
and we tested the possibility that coaggregation between S.
gordonii and either S. oralis or A. naeslundii in a biofilm might
enhance communication with and growth of the latter two
species. In pairwise combination, S. gordonii grew independently of the other two organisms; neither A. naeslundii nor S.
oralis grew to any significant level. Rather, it seems that S.
oralis and A. naeslundii were simply retained in coculture with
S. gordonii. However, when S. oralis and A. naeslundii, the two
species that failed to grow independently on saliva, were introduced sequentially into a flowcell, they coaggregated and
grew luxuriantly (120). Moreover, the amount of growth exhibited in this mutualistic interaction was much greater than
the independent growth by S. gordonii. These data provide a
dramatic example of the consequences of mutualism and suggest that independent growth may not be the most advantageous strategy in complex communities.
Keeping in mind that both A. naeslundii and S. oralis are
capable of binding to receptors in the salivary conditioning
film, sequential addition of these two species to the flowcell
could result in random and independent adherence to the
saliva-coated surface. However, immediately after the unbound cells are removed by salivary flow, nearly all of the cells
of the second species, A. naeslundii, were coadherent with the
previously bound S. oralis cells (Fig. 4A). A preference for
coadherence clearly occurs, because the two species are seen in
juxtaposition rather than in a random distribution over the
substratum. Examination of the coadherence in the Z dimension (Fig. 4, Z section below panel B) reveals that the redstained cells (actinomyces) are predominantly localized on top
of the green-stained cells (streptococci), confirming the binding of the actinomyces to the already adherent streptococci.
After overnight saliva flow, extensive growth of both species is
obvious (Fig. 4C and D). The biomass of both species increased laterally as well as axially, and the biofilm appeared
denser (Fig. 4, Z section below panel D). Thus, retention
through coadherence appears to lead to cooperative growth on
saliva for these two species.
Even simple retention of a species without growth in a biofilm can be of critical in vivo significance. Retention is the
principal requirement for growth in a flowing environment
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With biofilm cells, transformation frequencies 10 to 600 times
the rate seen with planktonic cells were observed and were
maximal after 8 to 16 h of growth. Lysed cells in the biofilm
could act as donors of chromosomal DNA, indicating that
communities of living and dead cells may share information
through genetic exchange. DNA could also act as a nutrient
source for the growing biofilm (46), or possibly, extracellular
DNA may contribute to initial establishment of oral bacterial
biofilms in a manner similar to that recently shown for biofilms
formed by a nonoral bacterium (153).
In another example, transfer of native conjugative transposon Tn916-like elements encoding tetracycline resistance
(Tetr) from one oral streptococcal species to another in a
model biofilm was recently reported (126, 127). The significance of this finding is twofold: (i) tetracycline is used to treat

periodontal disease, and Tetr elements circulating within dental plaque would thwart treatment as well as potentially transfer Tetr to transient residents on their way to other body sites,
and (ii) DNA transfer favors the possibility of genetic manipulation of these organisms and will thus facilitate molecular
characterization of communication in biofilms. Thus, significant progress has been made in answering the question of
whether DNA is transferred among bacteria in densely packed
environments such as dental plaque.
Imaging by conventional confocal microscopy is difficult with
thick specimens. Two-photon excitation microscopy is a potentially valuable tool for resolution of cell shapes at depths
greater than 100 m. Two-photon excitation microscopy coupled with fluorescence lifetime imaging microscopy has been
used to study pH gradients in biofilms formed by a consortium
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FIG. 4. Representative confocal scanning laser microscopy images of a two-species biofilm formed by S. oralis 34 and A. naeslundii T14V.
Maximum projection images were taken at 0 h (A and B) and 18 h (C and D) of salivary flow. S. oralis 34 was incubated statically in a saliva-coated
flowcell for 15 min before initiation of salivary flow at 0.2 ml/min for 15 min. A. naeslundii T14V was then added and incubated statically for 15
min, and salivary flow was resumed for 15 min (equals time zero). S. oralis 34 cells were labeled with rabbit anti-S. oralis 34 serum (gift of J. Cisar),
followed by indodicarbocyanine-conjugated goat anti-rabbit immunoglobulin antibody (Jackson ImmunoResearch Laboratories, Inc., West Grove,
Pa.); indodicarbocyanine fluorescence is presented in green. A. naeslundii T14V was labeled with a mouse monoclonal antibody against type 1
fimbriae (gift of J. Cisar), followed by indocarbocyanine-conjugated goat anti-mouse immunoglobulin antibody (Jackson ImmunoResearch
Laboratories); indocarbocyanine fluorescence is presented in red. A. naeslundii cells are frequently located in direct proximity to S. oralis cells.
After 18 h of saliva flow, growth of both genera is apparent. Dimensions of the regions displayed are 250 m by 250 m (x-y perspectives; A and
C) and 83 m by 83 m (x-y perspectives; B and D; 3⫻ zoom of the center portion of the upper panels). Rotation of the maximum projection to
display the x-z perspective (83 m by 10 m) is shown below panels B and D. The substratum position in the x-z perspective is indicated by the
white line. Bars, 20 m (A and C) and 10 m (B and D). Microscopic observations and image acquisition were performed on a TCS 4D system
(Leica Lasertechnik GmbH, Heidelberg, Germany).
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of 10 species of oral bacteria (150). Pulses of 14 mM sucrose
were supplied to the consortium to elicit acid production. Fluorescence decay of carboxyfluorescein was used to examine pH
within the biofilm. Distinct microzonal variations in pH and
sharp pH gradients were observed, indicating spatial heterogeneity of response to the same metabolic stimulus. This observation provides evidence for architectural organization of
consortia and metabolism within the biofilm. Distinct microbial communities occur within the larger biofilm architecture
and include a range of individual responses. Cells at the border
of a niche are situated between cells that are responding by
producing acid from sucrose and cells outside the niche responding in a different way. Thus, consortia can be understood
to consist of physiologically heterogeneous species that respond differently to a given external stimulus. For example, the
response may be growth, which may protect other members if
the growing cells modify the local environment.

The examples of metabolic communication discussed here
are limited to interactions in which at least one organism
benefits. This arena of metabolic communications among oral
bacteria has been reviewed extensively (57, 73, 84, 100). Beneficial interactions may occur through the excretion of a metabolite by one organism that can be used as a nutrient by a
different organism or through the breakdown of a substrate by
the extracellular enzymatic activity of one organism that creates biologically available substrates for different organisms.
An example of the latter enzymatic activity is sequential hydrolysis of a complex glycoprotein by several bacteria acting in
sequence on the product of a previous bacterium’s action, as
has been shown for oral streptococci (18).
Within the oral cavity, bacteria form multispecies communities that are distinguishable primarily by their location (supragingival versus subgingival versus epithelial). The subgingival community has the highest species richness and the greatest
capacity for pathogenic outcome, such as periodontal tissue
destruction. In an examination of cocultures of putative periodontal pathogens, such as P. gingivalis and T. denticola, cocultures produced more biomass than was observed in the
respective monocultures; most of the coculture biomass was in
the form of cell aggregates, and the coculture was transferable
over at least five successive inoculations (56).
Cell-free supernatants from monocultures were tested for
the ability to stimulate growth of the companion organism. The
supernatant from cultures of P. gingivalis could increase the
growth of T. denticola and vice versa. Succinate was found in
the T. denticola supernatant and was utilized by P. gingivalis
monocultures, as determined by lowered concentrations of
succinate during growth. The P. gingivalis supernatant contained six fatty acids, including isobutyric acid, and although
none of those acids was removed by T. denticola monocultures,
isobutyric acid was found to stimulate growth of T. denticola
monocultures when added as a supplement at a concentration
lower than that at which it occurred in the P. gingivalis supernatant (56). These results imply that cross-feeding between P.
gingivalis and T. denticola occurs and that T. denticola requires
only minor amounts of P. gingivalis-produced isobutyric acid
for maximal growth stimulation.

About 60 oral species of Treponema have been identified
(123), and spirochetes constitute a large percentage of the total
oral bacterial numbers. Accordingly, a large T. denticola population could benefit greatly through interaction with a small P.
gingivalis population. In a separate study, a stimulatory effect of
P. gingivalis supernatant on T. denticola growth was attributed
to proteinaceous substances (111); this study did not examine
the inverse interaction. Thus, synergistic interactions between
P. gingivalis and other anaerobic bacteria such as oral spirochetes yielded increased growth and may contribute to increased virulence of these potential periodontal pathogens.
To investigate the outcome of multispecies interactions on
virulence, P. gingivalis and F. nucleatum were tested in a murine subcutaneous lesion model. Simultaneous injection of
these bacteria at the same site resulted in larger lesions and
higher morbidity than did injections of a single species (40). In
a concurrent study, this synergistic effect was shown to occur
even when each bacterial strain was injected separately on
opposite sides of the same animal (45). Thus, this polymicrobial infection demonstrated cooperativity in virulence outcome.
Veillonellae are anaerobic gram-negative cocci that exist in
supra- and subgingival plaque communities, where they make
up 1 to 5% of the total cultivatable anaerobic bacteria (80).
Veillonellae can utilize short-chain organic acids, especially
lactate, for growth. These organic acids are excreted by streptococci during growth on sugars and are the basis for the
metabolic communication documented in vitro (106) and in
vivo in gnotobiotic rats (107, 149). Also, it has been shown in
vivo that veillonellae are not capable of colonizing the tooth
surface without streptococci as metabolic partners and that
larger populations of veillonellae develop in coculture with
streptococci that recognize them as a coaggregation partner
than in coculture with streptococci with which they do not
coaggregate (101).
The conversion of the lactic acid formed by streptococci to
less potent acids, such as acetic acid, by veillonellae has been
assumed to reduce caries susceptibility in the host, although
little experimental evidence supports this hypothesis. Instead,
a molecular study suggests that veillonellae are present together with streptococci in carious lesions (8).
While this molecular approach does not establish causality,
it does indicate the types of bacteria present at specific sites in
health and in disease. Such studies have identified reproducible bacterial communities found at particular disease sites
(137), and thus, they identified bacterial populations that may
arise through interaction with one another. Studies of biofilm
architecture at these sites together with studies of the physiological consequences of that architecture will be required to
sort out the occurrence and nature of metabolic communication.
In Vivo
Significant advances have been made in clinical research
directed at understanding the architecture of supragingival and
subgingival dental plaque in situ. From the five reports discussed here, a picture of dental plaque architecture is emerging.
Supragingival plaque is formed on the outwardly visible
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Analyses were conducted by confocal scanning laser microscopy with fluorescently labeled 16S rRNA-directed oligonucleotide probes and by electron microscopy. Probes specific for
Treponema spp. and general bacterial (EUB338 [1]) probes
were used to detail the architecture of the periodontal biofilm
in situ. The deepest zones of the pockets were colonized principally by spirochetes and gram-negative bacteria, whereas
shallow regions contained mostly gram-positive cocci (151).
The composition of the carrier material had little influence on
colonization. Complex communities of interspersed, morphologically distinct cell types were commonly observed, as were
characteristic organized arrangements of mixed cell types, such
as rosettes consisting of a gram-positive central bacterium surrounded by gram-negative rods.
The rosettes and other mixed-cell-type arrangements seen in
situ bear striking similarity to those seen in vitro during coaggregation studies (74) and in other in situ electron microscopy
studies (69, 93). Species-specific FISH probes allowed this first
unequivocal demonstration of the spatial arrangement of spirochetes in situ within the periodontal biofilm (151). As additional species-specific oligonucleotide probes are designed, the
entire architecture of dental plaque in situ can be elucidated.
In another study examining spatial relationships, Noiri et al.
(112) extracted teeth from sites with periodontal pocket depths
of approximately 8 mm from patients with advanced adult periodontitis. Intact periodontal pockets were preserved, and the localization of five species, Prevotella nigrescens, F. nucleatum, T.
denticola, Eikenella corrodens, and Actinobacillus actinomycetemcomitans, was investigated by immunohistochemistry. Localization of bacteria within the periodontal pocket was analyzed by
separating the pocket into nine zones. Vertical zones extended
from the gingival margin to the deep pocket and were categorized
as shallow, middle, and deep. Horizontal zones, from the tooth
surface to the pocket epithelial surface, were called tooth attached, unattached, and epithelium associated.
The results of the immunohistochemistry revealed that P. nigrescens is located at the epithelium-associated plaque area in
the middle pocket zone. The middle and deep pocket zones of
the unattached area were preferentially colonized by F. nucleatum and T. denticola, but these two bacteria could be found in
all zones except one or two of the shallow zones. E. corrodens
was located primarily in tooth-attached plaque zones, whereas
A. actinomycetemcomitans was found infrequently and only in
the middle, unattached plaque zone. F. nucleatum was found in
samples from 9 of 15 patients, whereas the other species were
found in six or fewer samples. In an earlier study, this research
group showed that an antiserum reactive against actinomyces
detected cells predominantly in the tooth-attached, shallow
and middle zones (113).
Thus, it appears that each oral bacterial species colonizes
preferred sites within the subgingival plaque architecture. This
selective colonization suggests that species organize into communities through communication with their host and with
other species that occupy the host’s substrata.
SOLUBLE-SIGNAL COMMUNICATION
AMONG ORAL BACTERIA
Transfer of genes by competence-inducing pathways is one
of the most-studied forms of communication by oral bacteria.
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enamel surface of teeth. It has been studied in situ by bonding
to teeth a device consisting of an enamel piece with an adherent nylon ring (157). After removal from the tooth surface, the
supragingival plaque biofilm formed within the nylon ring on
the enamel substratum is examined by confocal scanning laser
microscopy. The voids observed among the adherent biomass
(157) appear to be filled with fluid, as has been reported for
several in vitro biofilms composed of one or only a few species
(32, 86, 159). On the basis of these observations, voids may
serve as avenues for metabolic communication as well as for
signaling molecules and antimicrobial compounds.
One method used to study the diffusion of molecules and the
efficacy of antimicrobials in undisturbed supragingival plaque
was to measure penetration of differential stains into plaque
formed in vivo. In these studies, a bovine dentin disk was
bonded to an acrylic appliance that was worn by a human
subject (159). The disk contained three parallel 200-m-wide
grooves, which were about 500 m deep and served as the
location for plaque accumulation. Upon removal of the appliance, the disks were broken in half along the middle groove.
One half was covered with 0.2% chlorhexidine for 1 min; the
other half was the control. After treatment, both halves were
rinsed with saline, stained with a mixture of ethidium bromide
and fluorescein diacetate, and viewed by confocal scanning
laser microscopy. Ethidium bromide, a red fluorescent nucleic
acid stain, permeates only cells with damaged cell membranes,
and fluorescein diacetate penetrates all cells but is nonfluorescent until the green fluorescein moiety is freed by intracellular
esterases.
The biofilms grew up to 65 m thick, and the plaque structure appeared diffuse, with morphologically heterogeneous cell
shapes. Both stains penetrated the entire thickness, indicating
that there was no barrier to small molecules in these plaque
biofilms. In contrast, as measured by cell death (ethidium fluorescence), the antimicrobial chlorhexidine had an effect primarily near the lumen (159). Only the cells near the lumen may
have been killed because (i) cells located deeper are more
resistant to killing, (ii) antimicrobial action is titrated by contact with surface-exposed biomass and thus the dose of antimicrobial received deeper in the biofilm is ineffectual, or (iii)
biofilms may not be indiscriminately open to all molecules
throughout their thickness. Furthermore, as plaque biofilm
community composition changes, the gating and selectivity of
diffusible molecules may also change in response to communication signals. Biofilms may select and gate putative communication signals, and the biofilm inhabitants may temporally
regulate such gating. Additional studies to determine the selective porosity of biofilms to signaling molecules will help
answer this question.
To study subgingival plaque, oral biofilms formed below the
gum line, researchers either use a model system or extract
teeth and examine the periodontal region directly. One model
system involves three different materials placed into periodontal pockets of patients with rapidly progressing clinical periodontitis (151). A membrane of polytetrafluoroethylene (a material used to cover superficial defects after surgery that can be
colonized by plaque bacteria), gold foil (for scanning electron
microscopy), and dentin were used. Periodontal pocket depths
were approximately 8 mm, and the materials were held in place
for 3 to 6 days, yielding biofilms 40 to 45 m thick.
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Autoinducer-2
Methods of communication among genetically identical cells
are likely to be different from the communication signals exchanged among species. AI-2 is proposed to be a signal mediating messages among different species in a mixed-species
community (108, 133), distinguishing it from the family of acyl
homoserine lactones, typified by autoinducer-1, that regulate
gene expression in genetically identical cells (6, 50). No evidence of acyl homoserine lactone production by oral bacteria
has been found, suggesting that oral bacterial species do not
use acyl homoserine lactones for signaling (49, 154). In contrast, luxS, the gene encoding the enzyme essential for production of AI-2, is present in several genera of oral bacteria (15,
26, 48, 49). AI-2 was discovered in the marine bacterium Vibrio
harveyi, in which it is a signal molecule that regulates bioluminescence (7). A set of bioluminescent reporter strains of V.
harveyi were constructed (139, 140) and have been used by
many investigators to assay for the production of AI-2 by other
bacteria. Through these studies, AI-2 has been implicated in
gene regulation in several species besides V. harveyi, including
Streptococcus pyogenes (98), Escherichia coli (35), Salmonella
enterica serovar Typhimurium (141), and two human oral bacteria, A. actinomycetemcomitans (48) and P. gingivalis (15, 26).
Signaling by AI-2 to produce light in V. harveyi is accom-

plished through binding of AI-2 to LuxP, followed by a phosphorylation cascade (25). The structure of AI-2 bound to its
primary receptor LuxP in V. harveyi was recently determined to
be a furanosyl borate diester (25). LuxP is an AI-2 sensor
protein and is located in the periplasmic space of V. harveyi.
AI-2 is produced from S-adenosylmethionine through several
steps, including the required enzymatic conversion of the intermediate S-ribosylhomocysteine by LuxS to 4,5-dihydroxy2,3-pentanedione, which is unstable and is predicted to cyclize
spontaneously (133, 134) into a variety of molecules called
pro-AI-2 before forming a mature AI-2–LuxP complex (25).
The site of borate addition to form AI-2 is unknown and may
be in the AI-2-producing cell, outside the cell, or in the recipient cell (25). AI-2 and conserved luxS have been found in
more than 30 bacterial species (108, 140), including both grampositive and gram-negative organisms. Considering the broad
representation of luxS among bacteria, AI-2 has been proposed
to be a universal interspecies signal (108, 133), but this role has
yet to be demonstrated in an ecologically relevant consortium
of bacteria.
Alignment of LuxS sequences from 26 organisms revealed
23 invariant amino acid residues (64). An alignment of the
amino acid sequences deduced from the luxS genes of four oral
bacteria, A. actinomycetemcomitans, P. gingivalis, S. gordonii,
and Streptococcus mutans, as well as V. harveyi shows that all 23
invariant amino acids are present (Fig. 5). The streptococcal
LuxS sequences are 83% identical to each other and 30 to 40%
identical to the other three sequences, demonstrating that the
gram-positive streptococcal enzymes are more closely related
to each other than to enzymes from the three gram-negative
species in this alignment. The A. actinomycetemcomitans LuxS
sequence is 72% identical to V. harveyi LuxS but only 31%
identical to the LuxS sequence of P. gingivalis, which is 29%
identical to V. harveyi LuxS. Finding luxS in both gram-positive
and gram-negative strains of oral bacteria suggests a role for
AI-2 in mixed-species communities such as dental plaque.
In a survey of 16 species of oral bacteria, F. nucleatum,
P. gingivalis, and Prevotella intermedia produced high levels of
AI-2 under the conditions tested (49). Another periodontal
bacterium, A. actinomycetemcomitans, was subsequently reported to produce AI-2 (48). These AI-2-producing species are
all involved in the polymicrobial infection known as periodontal disease. Additional oral species are being surveyed for production of AI-2 with the expectation that AI-2-mediated communication may play a central role in gene regulation in mixedspecies communities.
Two oral species, P. gingivalis and A. actinomycetemcomitans, were examined for regulation of gene expression by AI-2
(15, 26, 48). Based on the V. harveyi reporter assay, conditioned
medium from these two oral bacteria elicited a response that
was approximately 10 and 20%, respectively, of that of the V.
harveyi positive control (26, 48). As measured by reverse transcription-PCR, two genes relevant to hemin acquisition were
reported to be induced in a P. gingivalis luxS mutant, and three
other genes were repressed, indicating a response to luxS inactivation (26). Expression levels of genes that were altered in
the P. gingivalis mutant were also affected by exposure of the
mutant to conditioned medium from a recombinant E. coli
strain harboring the A. actinomycetemcomitans luxS gene on a
plasmid (48). Additionally, as measured by reverse transcrip-
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This method of communication is mediated by competencestimulating peptides (CSPs) (62), which are small, cationic
peptides of 14 to 23 amino acid residues that are produced by
at least 10 species of oral streptococci (62, 89). Since several
reviews and book chapters have discussed the important role of
CSPs (62, 97, 108), this method of oral bacterial communication will not be discussed in detail here. Likewise, readers are
referred to other reports and reviews describing the roles of sex
pheromones and their inhibitor peptides in the well-described
mating system of Enterococcus faecalis (3, 29, 30).
Signaling by soluble molecules also occurs between Streptococcus salivarius and Streptococcus pyogenes by the lantibiotic
peptides that modulate their own and interspecies lantibiotic
synthesis and that may be a mechanism for controlling susceptible streptococci in the human oral cavity (148). Many oral
bacteria produce bacteriocin peptides; some are lantibiotic
peptides, and others are nonlantibiotic peptides (65, 125).
These peptides are thought to influence the ecology of these
bacteria, but their mechanism of communicating this influence
is unknown. One investigation was conducted with several oral
streptococci known to coaggregate with each other (147). One
strain, S. gordonii DL1 (Challis), produced a bacteriocin, and
five strains were sensitive to the bacteriocin, but neither the
production of nor sensitivity to the bacteriocin could be correlated to the ability to coaggregate, suggesting that cell-cell
attachment and bacteriocin production are not related.
Physical communication is ubiquitous among oral bacteria in
that all of the human oral bacteria tested coaggregate with at
least one other genetically distinct species (73). Recently, several examples of production of a quorum-sensing molecule
called autoinducer-2 (AI-2) have been reported in oral bacteria (15, 26, 48, 49). We will propose some ideas on possible
methods of communication involving AI-2 in a mixed-species
community.
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tion-PCR, exposure of A. actinomycetemcomitans to conditioned medium from the recombinant AI-2-producing E. coli
strain described above resulted in increased transcription of
afuA, which encodes a periplasmic protein involved in iron
transport (48). As measured by a cytotoxicity assay, leukotoxin
production was enhanced in A. actinomycetemcomitans cultures exposed to conditioned medium from the parent strain or
from the recombinant E. coli strain described above (48).
In a separate study (15), it was reported that a P. gingivalis
luxS mutant produced approximately 30% less Lys-gingipain
and about 45% less Arg-gingipain, two cysteine proteases that
are synthesized at high cell densities. While the regulation of
genes involved in iron acquisition, protease synthesis, and leukotoxin production appears to be influenced by the presence of
AI-2 in P. gingivalis and A. actinomycetemcomitans, it is not yet
clear whether the differential regulation of these genes affects
the virulence of these oral pathogens in vivo. Nonetheless, the
pairing of P. gingivalis and A. actinomycetemcomitans has provided a starting point for demonstrating that AI-2 may serve as
an interspecies signal (108, 133) in two organisms that coexist
in the same ecological niche.
Modeling Oral Bacterial Mixed-Species
Communication by AI-2
A LuxP homologue was found in A. actinomycetemcomitans
(48) but not in P. gingivalis (26). This leaves open the possibility
that oral bacteria may have alternate binding proteins for AI-2
that may be like the periplasmic ribose-binding proteins of E.
coli and S. enterica serovar Typhimurium (7) and a recently
discovered transporter of AI-2 in S. enterica serovar Typhimurium (141), which are all homologous to LuxP of V. harveyi.
In accordance with the concept of alternative binding proteins,
it is possible that a variety of cognate fits of pro-AI-2 molecules
and binding proteins may occur within a mixed-species community. The binding affinity of each pro-AI-2/binding protein

pair may be characteristic of a species and thus permit numerous potential cognate fits within mixed-species communities.
Thus, by using their respective cognate binding proteins, many
species could simultaneously sample a mixture of pro-AI-2 in
their microenvironment. Likewise, a mixture of pro-AI-2 in the
microenvironment may be sampled differently by different bacteria because the concentration of pro-AI-2 molecules is critical for specificity in regulating gene expression. Thus, the
capacity of AI-2 to serve as a universal signal within a mixedspecies bacterial community may stem from individual organisms’ abilities to bind and respond to unique molecules within
the environmental pool of pro-AI-2.
It is challenging to postulate attractive mechanisms of
mixed-species communication by the proposed universal interspecies signal AI-2. First, some but not necessarily all of the
species in the community must express an active LuxS, since it
is required for synthesizing pro-AI-2. Second, to be universal,
all the species must respond to pro-AI-2. Third, as culture
supernatants from a variety of genera elicit light production in
the appropriate V. harveyi reporter strains, at least some of the
extracellular pro-AI-2 molecules produced by different species
must have identical structures. However, not all of the proAI-2 molecules need to be identical. Thus, a mixture of proAI-2 molecules may be a significant factor in the ability of an
organism to compete by sensing, selecting, and responding to a
particular isomer within the blend of pro-AI-2 molecules. Analogs of AI-2 such as 4-hydroxy-5-methyl-furanone were found
to stimulate the Vibrio reporter strain to produce light when
added at 1,000-fold the concentration of AI-2 required for light
production (134). This demonstrates that, although less efficient, the LuxP of V. harveyi will bind and respond to molecules
other than naturally synthesized pro-AI-2. Assuming that several and perhaps all of the species in a mixed-species community such as dental plaque are producing pro-AI-2, the speciesspecific mode of communication may be based simply on
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FIG. 5. Alignment of the deduced amino acid sequences of luxS from S. gordonii DL1 (Sg; accession number AY081773), S. mutans UA159
(Sm; www.genome.ou.edu/smutans.html), A. actinomycetemcomitans HK1651 (Aa; www.genome.ou.edu/act.html), V. harveyi BB120 (Vh; accession
no. AF120098), and P. gingivalis W83 (Pg; www.tigr.org). Consensus of at least 50% identical amino acid residues is denoted by black boxes;
conserved amino acid substitutions are highlighted with gray boxes. Asterisks are placed above the 23 amino acid residues that were shown to be
invariant in 26 LuxS sequences aligned by Hilgers and Ludwig (64).
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DIRECT-CONTACT SIGNAL: ANTIGENS I AND II
The antigen I/II (Ag I/II) family of surface proteins is represented on many species of human oral streptococci (Table
1). They contain the LPXTG motif recognized by gram-positive sortase enzymes, which tether this class of proteins to the
peptidoglycan layer (47, 135). These large polypeptides range
from about 1,450 to 1,570 amino acid residues and possess
seven discrete, well-conserved structural domains. These multifunctional proteins bind to other bacteria, host tissue, salivary
conditioning film on teeth, and soluble molecules. Thus, the
Ag I/II polypeptides are excellent candidates for mediating the
adherence of streptococci to surfaces and providing an opportunity to communicate with other residents of the environ-
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TABLE 1. Ag I/II homologues of oral streptococci
Organism

S.
S.
S.
S.
S.
S.
S.
S.

constellatus
cricetus
gordonii
intermedius
mitis
mutans
oralis
sobrinus
a

Protein(s)

Reference(s)

—
PAa
SspA, SspB
—
—
SpaP, Pac, Protein I/IIf
—
SpaA, PAg

24, 99
144
37
24, 124
23
71, 116
16
85, 146

a

—, homologue with no designation.

ment. A complete description of these properties and the immunogenicity of the proteins is found in two reviews (66, 67).
Some of the recent progress in defining a role for Ag I/II
proteins in promoting the dominance of streptococci in dental
plaque will be discussed here.
Considering that Ag I/II proteins on different streptococcal
species contain well-conserved structural domains, it is not
surprising that they also exhibit overlapping functions, such as
binding to human salivary glycoproteins. However, they do
possess specific functions as well, which arise from the activity
of distinct structural domains. Small changes in the primary
sequence can have profound changes in the functional character of Ag I/II proteins. For example, in SspB, an Ag I/II homologue in S. gordonii, a region spanning residues 1167 to 1250
is required for adherence to a coaggregation partner, P. gingivalis (13). Changing two residues, Asn1182 to Gly and Val1185 to
Pro, yields a protein predicted to possess secondary structure
similar to that of SpaP, an Ag I/II homologue in S. mutans,
which does not coaggregate with P. gingivalis. Recombinant
strains of S. gordonii bearing the modified proteins lost the
ability to coaggregate with P. gingivalis (38), confirming that
this region of these two homologues differs functionally as well
as structurally.
In contrast, an example of functional similarity is that the Ag
I/II proteins of both S. mutans and S. gordonii bind to human
collagen type I, a major component of dentin, and facilitate
invasion of human root dentinal tubules by these species (95).
Testing the multifunctional capabilities of SspB was accomplished by comparing the abilities of S. gordonii and S. mutans
to bind to human collagen type I and to coaggregate with P.
gingivalis. Both abilities were required for Streptococcus-Porphyromonas coinvasion of dentinal tubules (96). P. gingivalis
was able to invade dentinal tubules when cocultured with S.
gordonii bearing SspA and SspB. An S. gordonii sspA/B mutant
deficient in collagen binding did not support coinvasion with P.
gingivalis; S. mutans bearing SpaP invaded human root dentinal
tubules but did not support coinvasion with P. gingivalis. The
results of these studies illustrate discrete functions embodied
within the Ag I/II structures and the relevance of surface adhesins to the colonization of indigenous environments by bacteria.
Another discrete function of Ag I/II proteins is the ability to
mediate coaggregation with actinomyces partner cells. S. gordonii strains DL1 and M5 each have two Ag I/II paralogs, SspA
and SspB, which are involved in coaggregation with A. naeslundii. The genes encoding these proteins are arranged in tandem
on the chromosomes of these strains and, in strain DL1, are
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correctly identifying the proper isomer in the pro-AI-2 signal
blend, resulting in an advantageous gene regulation response.
Sorting and responding to pro-AI-2 may occur by mechanisms similar to those used by other biological kingdoms. Only
a narrow window of signal concentration may elicit a response,
as has been found for insect pheromones released and received
by members of the order Lepidoptera (130, 131). Coevolution
of emitters and receivers of insect pheromones occurs, and
communication between the correct males and females must
happen in a background of many signals specific for other
species. Too much or too little pheromone elicits no response
by the potential mate. Too constant an emission gets no response. Pheromones may be of the same general chemical
structures but in different blends, which are specific for the
correct mating. By having several chemicals in the blend, the
combinations of the chemicals can yield an almost unlimited
variety of blends, and each species of Lepidoptera may emit
and respond to only one blend. In a similar way, the combinations of pro-AI-2 molecules formed by members of a bacterial
community may be sorted and received uniquely for each species within a mixed-species community such as dental plaque.
Other factors in a microenvironment may modulate the detection and response to a blend of pro-AI-2 signals. As has
been reported for distinct pH gradients caused by juxtapositioning of a variety of species (150), other chemical or physical
gradients may form with certain adjacent species in a microenvironment. These conditions may influence the production
of pro-AI-2 or the blend of pro-AI-2 in the extracellular pool.
For example, in S. enterica serovar Typhimurium, increased
AI-2 production occurs in high-osmolarity and low-pH environments, and a protein synthesis-dependent degradation of
the signal occurs in low-osmolarity conditions (139). A prominent role for acidic environments has long been known in
dental plaque, where acid-producing bacteria cause caries and
consequently pose a constant threat to oral health. The acidic
microenvironment present in dental plaque may be essential
for proper response to chemical communication with AI-2.
The physical attachment of cells of different species may cause
contact-induced gene regulation, perhaps in all coaggregating
cells, and result in altered production of and response to a
mixture of pro-AI-2 molecules.
No matter what mechanism mixed-species communities use
for AI-2 signaling, progress in understanding the role of AI-2
in complex microbial communities will come when experiments are conducted with mixed-species communities.
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known to exhibit different patterns of regulation in response to
environmental conditions (43). Furthermore, it appears that
sspB transcription is positively regulated by the sspA gene
product, suggesting an additional role for SspA (42).
Earlier surveys of coaggregations between streptococci and
actinomyces yielded six coaggregation groups of actinomyces,
representing the range of coaggregations observed with approximately 90% of the 300 human oral A. naeslundii strains
tested (41, 73). Recent results focused on S. gordonii DL1 have
shown that SspA and SspB are adhesins critical for coaggregation with four of the six actinomyces coaggregation groups
(41) (Fig. 6A). Others have shown that inactivation of sspA of
S. gordonii DL1 resulted in a loss of greater than 50% of the
wild-type ability to coaggregate with A. naeslundii T14V (co-

aggregation group A) and A. naeslundii PK606 (coaggregation
group D) (68).
Construction of sspB insertion mutants of both S. gordonii
DL1, and an isogenic sspA mutant allowed the first study of the
independent functions of SspA and SspB (41). SspA exhibited
two coaggregation-specific functions; it participated in lactoseinhibitable and lactose-noninhibitable interactions (Fig. 6A,
cognate symbols complementary to red rectangle and red obelisk, respectively). Mutation of sspA resulted in changes in
coaggregation with three of the four actinomyces coaggregation groups. For example, the sspA mutant was unable to coaggregate with actinomyces coaggregation group C (Fig. 6A).
SspB mediated only lactose-noninhibitable coaggregations
(Fig. 6A, cognate symbol complementary to yellow-green tri-
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FIG. 6. (A) Involvement of Ag I/II family members in Streptococcus-Actinomyces coaggregations. The diagram shows coaggregations between
S. gordonii DL1, S. oralis H1, and S. oralis 34 (representatives of streptococcal coaggregation groups 1, 2, and 3, respectively) with six actinomyces
coaggregation groups (groups A, B, C, D, E, and F) (72). Actinomyces coaggregation groups are symbolized by oblong cellular shapes containing
letters representing the groups and surround the three circles representing streptococcal strains DL1, H1, and 34. The model of S. gordonii DL1
coaggregation is based on identification of the independent coaggregation functions of SspA and SspB of S. gordonii DL1 (41). The models for
S. oralis strains H1 and 34 are based on pairwise coaggregations between actinomyces and streptococci, lactose-inhibitable coaggregations, and loss
of certain coaggregation functions by spontaneous mutants (72). The complementary symbols shown here are described in the legend to Fig. 1.
*, putative protein designations. (B) Graphic representation of sspA and sspB (accession number U40027), with divergent regions shown in green
and purple and gene fragments amplified from S. oralis 34 and S. oralis H1 encoding Ag I/II homologues. The locations of primers (solid
arrowheads) used to amplify the homologous fragments from S. oralis H1 (purple-stippled rectangle) and S. oralis 34 (green-stippled rectangle)
are shown. Blast2 alignments (145), shown below, reveal that the divergent regions of S. gordonii sspB and the S. oralis H1 homologue are conserved
over the length of this region (conserved sequences appear as a straight line at a 45o angle). However, alignment of the sspA divergent region and
the corresponding region from the S. oralis 34 homologue reveals gaps in the sequence identity. The similarities and differences in these sequences
may be responsible for the coaggregations with A. naeslundii strains shown in panel A. See text for more detail.
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ly). Accordingly, comparison of streptococci bearing the less
similar SspA homologues revealed distinct coaggregation patterns in S. gordonii DL1 and S. oralis 34 (Fig. 6A, left and right,
respectively). Apparently, changes predicted in the S. oralis 34
SspA homologue are sufficient to prevent recognition of the
lactose-sensitive receptor on actinomyces coaggregation group
E. Examination of SspA and SspB homologues in these streptococcal strains indicates that these proteins are integral to the
adherence abilities of oral streptococci and are structurally and
functionally distinct.
Besides mediating adherence to actinomyces, these two surface proteins bind salivary agglutinin glycoprotein (36, 68).
This may represent one of the many mechanisms that streptococci employ to adhere to salivary conditioning film on enamel
surfaces. The outcome of S. gordonii DL1 binding to saliva was
investigated by random arbitrarily primed PCR. Such studies
showed that exposure of S. gordonii DL1 to saliva resulted in
induction of sspA/B expression (39). Thus, bathing cells of S.
gordonii DL1 in saliva, a condition expected to occur in the oral
cavity, causes them to synthesize surface adhesins that bind
salivary receptors. One hypothesis is that such binding would
encourage removal of the streptococcal cells by agglutination
and swallowing. Another hypothesis is that such binding promotes attachment to surfaces through salivary receptor bridging between SspA/B-bearing planktonic cells and already attached bacteria. In fact, coating streptococci with saliva may
enhance binding to surfaces and prevent disappearance from
the mouth by swallowing.
Consistent with the second hypothesis, we have shown that
suspending streptococci in saliva does not reduce their ability
to coaggregate with actinomyces (81) or with other streptococci (78). Also, our results with streptococci and actinomyces
growing in biofilms on saliva-conditioned glass surfaces with
saliva as the sole nutrient source indicate that these bacteria
adhere and grow luxuriantly (120). Presumably, the ability to
communicate under these conditions is enhanced by being
coated with saliva, because the habitat in which these bacteria
coevolved with their host is bathed in saliva.
FUTURE DIRECTIONS
In plaque, as in most natural biofilm ecosystems, spatial
heterogeneity exists with respect to species location in the axial
and lateral dimensions (see Fig. 2); the spatial organization
changes with time as a result of interspecies communication
and gene expression. Elucidating the architecture of dental
plaque at the species level is possible with the use of confocal
microscopy coupled with appropriate probes based on 16S
rDNA sequences and antibodies that recognize cell surface
epitopes of oral bacteria. Probe specificity can be tested in
biofilm models in vitro. Temporal dental plaque studies can be
conducted in situ. The development of fluorescence-based reporters that function in an anaerobic environment needs to be
encouraged. When these probes become available, they will
promote study of gene regulation in anaerobic periodontal
biofilm communities that include human oral spirochetes.
Gene regulation induced by cell-cell contact is underinvestigated; the development of reporters based on green fluorescent protein will facilitate future studies. Current approaches
such as in vivo expression technology, DNA microarrays, and
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angle). The sspB mutant was unable to coaggregate with actinomyces coaggregation group A, and its coaggregation with
actinomyces coaggregation group E was changed from lactose
noninhibitable to lactose inhibitable. A change from lactose
noninhibitable to lactose inhibitable is possible because the
former coaggregation masks the latter in the presence of lactose. The effects of the mutations were additive in the sspAB
double mutant; however, it retained a single previously unrecognized lactose-inhibitable coaggregation with A. naeslundii
PK606 (coaggregation group D) (Fig. 6A, cognate symbol
complementary to gray rectangle). Thus, SspA and SspB appear to mediate all coaggregations between S. gordonii DL1
and the actinomyces coaggregation groups except the lactoseinhibitable coaggregation with actinomyces coaggregation
group D.
SspA and SspB show a high level of sequence identity in S.
gordonii strains M5 and DL1 (37). The complete sequences of
sspA and sspB from S. gordonii DL1 have recently been determined (accession number U40027). Comparison of the C-terminal half of the deduced sequences of SspA and SspB shows
that they are 98% identical, and the sequences of the Nterminal third of the polypeptides are 96% identical. The intervening divergent regions are only 37% identical. Comparison of these sequences to the corresponding sequences of
strain M5 indicates 93% identity between the SspA sequences
and 95% identity between the SspB sequences. Thus, the genetic organization of these two genes as well as the sequence
similarity both between the paralogs in strains M5 and DL1
and between the orthologs of strains M5 and DL1 indicate
close relationships.
This broad range of functions attributed to SspA and SspB
suggested that perhaps other streptococci might also employ
one or both of these proteins in mediating coaggregations with
actinomyces. Two examples are depicted along with the coaggregation model of S. gordonii DL1 with the six actinomyces
coaggregation groups A to F (Fig. 6A). Both S. oralis H1 and
S. oralis 34 express a surface protein that cross-reacts with
antiserum (gift of D. Demuth) recognizing both SspA and
SspB. However, S. oralis H1 and S. oralis 34 exhibit patterns of
coaggregation with actinomyces that are distinct from that of S.
gordonii DL1 (Fig. 6A).
By using primers designed to hybridize with conserved sequence flanking the divergent region of both sspA and sspB of
S. gordonii DL1, genomic DNA from S. oralis strains H1 and 34
was used as the template to PCR amplify the divergent region
of the Ag I/II genes from these strains (Fig. 6B). Sequence
analysis of the resultant PCR products revealed that the S.
oralis 34 divergent region was 86% identical to sspA, while the
S. oralis H1 divergent region was 93% identical to the corresponding region of sspB. Alignment (145) of the divergent
region and short flanking conserved regions of S. gordonii DL1
sspA with the sspA homologue fragment from S. oralis 34 shows
large gaps in sequence identity (Fig. 6B, left graph). In comparison, alignment of the sspB homologue fragment from S.
oralis H1 with S. gordonii DL1 sspB contains no gaps (Fig. 6B,
right graph).
Considering this identity of S. gordonii DL1 sspB and the S.
oralis H1 homologue, it is not surprising that both S. gordonii
DL1 and S. oralis H1 exhibit the same SspB-mediated interactions with actinomyces (Fig. 6A, left and center, respective-
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proteomics provide the platforms for large-scale analysis of
gene expression.
The genomes of F. nucleatum (70), S. mutans (B. A. Roe,
R. Y. Tian, H. G. Jia, Y. D. Qian, S. P. Lin, S. Li, S. Kenton,
H. Lai, J. D. White, R. E. McLaughlin, M. McShan, D. Ajdic,
and J. Ferretti, Streptococcus mutans Genome Sequencing
Project, 26 March 2002 posting date; www.genome.ou.edu/
smutans.html), P. gingivalis (http://www.tigr.org), and A. actinomycetemcomitans (B. A. Roe, F. Z. Najar, S. Clifton, T.
Ducey, L. Lewis, and S. W. Dyer, Actinobacillus Genome Sequencing Project, 26 March 2002 posting date; www.genome
.ou.edu/act.html) have been sequenced, and at least 10 other
oral bacterial genomes are being sequenced. Investigation in
silico will offer great opportunity to identify specific genes
hypothesized to be relevant to intraspecies and interspecies
communication, such as comC and luxS, respectively. Indeed,
searching in silico yielded luxS of P. gingivalis (26), A. actinomycetemcomitans (48), and S. pyogenes (98), as well as comC of
S. mutans (89).
Subtle regulation of gene expression in any organism within
a community may lead to significant changes in the organism’s
ability to participate in community activities, such as use of
community-formed metabolic end products as nutrients.
Known progressive changes in species composition in natural
communities with respect to time, nutrient availability, disease
state, or other environmental conditions alert us to consider
that a mutation in a relevant gene may cause only a subtle
change that is critical in contributing to an organism’s success
in a community. Such subtle changes may be controlled by the
regulation of multiple integrated pathways. Results from future research will build a better understanding of how small
changes cause large shifts in population composition and metabolic output of mixed-species communities.
Furthermore, inactivation of a gene involved in mixed-species community formation may cause a subtle variation in an
organism’s phenotype only during critical transitions in population composition and have no effect on population composition before or after the transition. Dental plaque on human
tooth enamel undergoes population transitions each day between oral hygiene regimens. Identifying genes that are critical
for an organism’s success in this environment may be possible
not by screening mutants for absence of growth but rather by
investigating subtle changes in an organism’s participation in
the community.
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