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A
fter our teeth are cleaned, bacteria reappear
on the tooth enamel in the form of mixed-
species communities, which are again
disrupted when we next floss and brush. This
article focuses on biofilm formation during
the interval between typical personal oral

hygiene procedures, roughly 8–12 hours. Saliva bathes 
the tooth surfaces carrying bacteria to and from the enamel. 
To be successful in the first step of colonization of the 
tooth, bacteria must possess constitutively expressed cell-
surface-associated polymers whose function is to recognize
and bind structurally complementary molecules in a 
pellicle formed by saliva on the enamel surface. Human 
oral bacteria also possess cell-surface-associated polymers
that mediate cell–cell binding between genetically distinct
cells. This cell–cell interaction is called coaggregation. Oral
bacteria display a propensity to coaggregate and each 
strain coaggregates with a specific set of partner strains.
Consequently, the potential exists for a network of
coaggregation-mediated multi-species communities. Initial
adherence of bacteria to the saliva-coated enamel sub-
stratum, coaggregation and cellular growth are considered 
the three primary mechanisms integral to bacterial coloni-
zation of a clean enamel surface.

Colonization of enamel
Four hours after cleaning, enamel surfaces in the mouth 
will harbour a variety of mixed-species communities, most 
of which contain between two and ten cells. Such com-
munities formed on a retrievable, initially sterile enamel piece
carried in the mouth of a volunteer can be visualized using
fluorescently labelled antibodies reactive with specific

bacterial surface molecules or by using fluorescent dyes that
stain all bacteria on the enamel. One particularly useful
antibody (generously supplied by J. Cisar) reacts with several
types of streptococcal receptor polysaccharides, which in 
turn are recognized by a complementary protein adhesin
borne on type-2 fimbriae of certain actinomyces. Strepto-
coccal receptor polysaccharides are also recognized by
Veillonella spp., and veillonellae form a natural metabolic 
food chain with streptococci: the streptococci ferment
carbohydrates to lactic acid and the veillonellae ferment 
lactic acid to other end-products. Veillonellae are unable 
to obtain energy from carbohydrates directly, and they
establish mixed-species communities with streptococci 
on the enamel (Fig. 1). Streptococci containing any of three 
of the six known receptor polysaccharides are visible
throughout the specimen area, and often veillonellae 
are seen near these bacteria. The cells that react with the 
antibody against streptococcal receptor polysaccharide 
could represent several species including Streptococcus
gordonii, Streptococcus oralis, Streptococcus mitis and
Streptococcus sanguinis, each of which have strains that
produce coaggregation-mediating receptor polysaccharides.
Veillonella and Actinomyces are only two of many genera 
that recognize the streptococcal receptor polysaccharides;
other genera include Haemophilus, Eikenella, Prevotella,
Capnocytophaga, and certain other Streptococcus spp.
Members of these genera compete for coaggregation 
sites on streptococci bearing these receptors. The success 
of these genera during initial colonization of the tooth
surfaces might be determined by their competitive
attachment to the most successful early colonizers, the
streptococci.

Let it flow but 
don’t let go: 
saliva and
colonization
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actinomyces and veillonellae also
contributing. We hypothesize that these
organisms and others communicate by
molecular signals.

The S. gordonii and V. atypica pair is
interesting because of the previously
described metabolic interaction. We
postulated that veillonellae might
signal streptococci to produce more
lactic acid. Considering that these
bacteria live in a flowing environment,
it is advantageous that they coaggregate
and are therefore in close contact.
Juxtaposition would facilitate exchange
of lactic acid in the same way that it also
facilitates transmission and reception of
molecular signals. To monitor the
expression of an amylase gene that
could participate in the conversion of
glucose polymers to glucose and lactic
acid, a reporter plasmid containing gfp

(encoding green fluorescent protein,
GFP) under control of the streptococcal
amylase gene promoter was introduced
into S. gordonii. Within 4 h of exposure
to veillonellae the streptococci pro-
duced GFP. GFP expression was not
seen in the absence of veillonellae.
When cells were placed in a flowing
environment, direct contact between
streptococcal and veillonellae cells was
required for amylase promoter activity
(Fig. 2). However, when the two species
were separated by a dialysis membrane
in a closed vessel, the signal diffused
through the membrane and induced
GFP production in all streptococci.

It is important to consider the
flowing environment when investi-
gating the role of molecular signals in
the natural ecosystem of the oral cavity.
To attain the necessary concentration to
induce a response, a diffusible signal
might only be effective when the
producing and receiving species are 
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inducer-2-dependent bioluminescence
in Vibrio harveyi, B. Bassler proposed
that autoinducer-2 mediates inter-
species bacterial communication.
Although little is known about 
signalling across species barriers that
does not involve V. harveyi, the broader
concept of interspecies signalling
among oral bacteria is amenable to
study.

Diffusible signals
The initial colonizers of the tooth
surface are an excellent group for the
study of interspecies signals because
their spatio-temporal colonization is
not random, and these mixed-species
communities must reform every
8–12 h (the cycle between brushings).
Streptococci are the predominant
bacteria in initial dental plaque with

The colonization and organization of
bacterial communities on enamel are
not random processes

in juxtaposition. Signals exchanged
within and among initial oral bacterial
communities may be coordinated to
optimize beneficial interactions, and
thus biofilm development, over the
very short time period between
brushings. Understanding the inter-
actions among initial colonizing
bacteria might allow us to predict and
control the nature of biofilms at later
stages of plaque development.
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Salivary flow vs bacterial
colonization
The colonization and organization of
bacterial communities on enamel are
not random processes. When develop-
ing a model of oral microbial communi-
ties, one consideration in choosing the
species for study is their temporal
appearance on enamel following oral
hygiene procedures. We chose to focus
on initial colonizers and included
Streptococcus gordonii, Actinomyces 
naeslundii and Veillonella atypica as well
as a fourth organism, Fusobacterium
nucleatum, which is one of the most
numerous bacterial species in dental
plaque. These four species interact
physically and metabolically with other
members of the consortium. Examples
include S. gordonii coaggregating with
A. naeslundii as well as V. atypica
signalling S. gordonii to modulate lactic
acid production. F. nucleatum and S. gor-
donii possess LuxS, which is the enzyme
that catalyses the production of 4,5-
dihydroxy-2,3-pentanedione, a pre-
cursor of the multi-species signal 
autoinducer-2. Other observations also

support the critical role of juxtaposition
of interacting cells and bacterial com-
munication in proliferation of bacteria
on a saliva-conditioned surface. For
example, when inoculated individually
with saliva as the sole nutritional
source, each of the four species bound
to saliva-coated glass in a flowcell, but
only S. gordonii grew as a biofilm.
However, all four species persisted in
the flowcell when they were inoculated
together. Interestingly, when the four
species were first coaggregated before
inoculation into the flowcell, both 
V. atypica and A. naeslundii showed 
enhanced growth not visible when 
the four organisms were inoculated
sequentially, suggesting that juxta-
position may be a key element in
successful colonization.

In the mouth, where saliva secretion
creates a flowing environment, juxta-
position of bacteria would be critical 
for interspecies communication medi-
ated by small-molecule signals. Based
on the observations that a number of
bacteria, including human oral bacteria,
produce a molecule that induces auto-
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� Fig. 1. Mixed-species colonies formed 
in situ on an enamel surface. Red cells 
are labelled with antibody against
streptococcal receptor polysaccharide.
Green cells are labelled with an antibody
against whole cells of Veillonella atypica
PK1910. Bar, 10 µm. Rob Palmer

� Fig. 2. Three-dimensional rendering of
confocal scanning laser microscopic data
showing a dual-species biofilm community
formed in a flowcell with saliva as the 
sole nutritional source. Blue cells are
Streptococcus gordonii stained with Syto-
59, red cells are Veillonella atypica stained
with fluorescently labelled anti-V. atypica
antibodies and green cells are S. gordonii
expressing GFP. GFP is produced only 
by streptococci that are in direct contact
with veillonellae: juxtaposition is required
for communication in this flowing
environment. Rob Palmer and 
Paul Egland
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