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Stable microbial communities associated with health can be disrupted by altered environmental conditions.
Periodontal diseases are associated with changes in the resident oral microflora. For example, as gingivitis
develops, a key change in the microbial composition of dental plaque is the ascendancy of Actinomyces spp. and
gram-negative rods at the expense of Streptococcus spp. We describe the use of an in vitro model to replicate
this population shift, first with a dual-species model (Actinomyces naeslundii and Streptococcus sobrinus) and
then using a microcosm model of dental plaque. The population shift was induced by environmental changes
associated with gingivitis, first by the addition of artificial gingival crevicular fluid and then by a switch to a
microaerophilic atmosphere. In addition to the observed population shifts, confocal laser scanning microscopy
also revealed structural changes and differences in the distribution of viable and nonviable bacteria associated
with the change in environmental conditions. This model provides an appropriate system for the further
understanding of microbial population shifts associated with gingivitis and for the testing of, for example,

antimicrobial agents.

Bacteria colonize a variety of surfaces of the human body,
including the digestive tract, the respiratory tract, the skin, and
the oral cavity. These organisms can coexist with the human
host in a mutually beneficial way (31) or as commensal organ-
isms which neither benefit nor harm the human host. The
normal resident microbiota can prevent colonization of patho-
genic organisms by colonization resistance (19), occupying the
environmental niche in which these organisms could thrive.
This relationship is highly dependent on the balance of host
factors, environmental factors, and microbial interactions. Po-
tentially pathogenic bacteria which may be present (in very
small proportions) as part of the normal microbiota can be-
come dominant if this equilibrium is disrupted.

Plaque-related diseases, such as gingivitis and periodontitis,
are linked to fluctuations in the oral environment which lead to
a change in microbial composition. Gingivitis is the result of
poor dental hygiene, leading to plaque accumulation and in-
flammation of the gingiva. It is estimated to affect between 40
and 50% of North American adults (5) and, if left untreated,
can lead to the irreversible condition of periodontitis, in which
loss of attachment of the tooth to supporting structures occurs,
which can ultimately lead to tooth loss. Although not all cases
of periodontitis are preceded by gingivitis, the prevention of
gingivitis in the general population is thought to be the way
forward of reducing the incidence of periodontal diseases on
the whole (20).

Oral streptococci tend to dominate the microbiota of most
individuals not suffering from any form of periodontal disease.
A key change in the microflora of supragingival plaque ob-
served by experimental gingivitis studies is the ascendancy of
Actinomyces spp. and gram-negative rods at the expense of
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Streptococcus spp. (24, 26, 33, 40). Actinomyces spp. are initial
colonizers of the tooth surface (19) and are particularly asso-
ciated with the accumulation phase of plaque development
(17). Actinomyces israelii is associated with nonbleeding gingi-
vitis, while Actinomyces viscosus and Actinomyces naeslundii
are associated with bleeding gingivitis (33). Gram-negative
species indicative of the changes occurring within the plaque
environment, such as Fusobacterium nucleatum (25), Prevotella
spp. (14), and Capnocytophaga spp. (23), are more frequently
isolated from dental plaque associated with gingivitis, due to
the development of gradients in oxygen availability and envi-
ronmental niches that promote their survival.

A key factor associated with gingivitis is increased plaque
thickness, allowing the development of gradients in factors
such as oxygen potential, pH, and nutrient availability. In ad-
dition, protein-based nutrients become available in the form of
gingival crevicular fluid (GCF), the flow rate of which increases
during the course of gingivitis (7). Sources of nutrients for
plaque bacteria include saliva, GCF, and dietary sources (38)
as well as nutrients derived from the degradation of the extra-
cellular polysaccharides present in the biofilm matrix by oral
bacteria producing enzymes able to break down these complex
macromolecules (13). Changes in these nutritional components
are likely to influence plaque composition. Inflammation of the
marginal gingiva is important in early, supragingival plaque accu-
mulation (6), which suggests that inflammatory factors influence
bacteria involved in plaque accumulation. Indeed, Actinomyces
spp. are more frequently isolated from subjects with a strong
inflammatory response to gingivitis (16).

Due to the variability of the oral environment, there is great
heterogeneity of plaque composition between individuals and
from different sites within the mouth (1). In vitro models of the
oral cavity allow for greater control of the environmental fac-
tors which contribute to this variation in plaque composition,
such as nutrient source, temperature, pH, oxygen availability,
and substrata (37). The constant-depth film fermentor (CDFF)
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FIG. 1. Species counts in dual-species biofilms. ®, A. naeslundii; A, S. sobrinus. Solid lines represent runs in which artificial GCF addition and
a switch to microaerophilic conditions were commenced on day 8. Dashed lines represent runs in which no change in conditions was implemented.

Error bars represent the standard deviations (n = 4).

is established as a representative model for dental plaque (21,
27) producing diverse microbial populations (29) that maintain
key oral species at levels similar to those observed in vivo. As
key parameters can be controlled using this model, changes in
plaque composition can be directly linked to specific environmen-
tal changes.

This work is the first to describe an in vitro model for
evaluating the bacterial population shifts associated with the
onset of gingivitis, first in a dual-species system and then with
a more complex microcosm model, by changing environmental
parameters. As such shifts in microbial composition may also
influence changes in biofilm structure, confocal laser scanning
microscopy (CLSM) in combination with viability staining was
used to visualize any structural changes and the spatial distri-
bution of live and dead bacteria within these biofilms.

MATERIALS AND METHODS

Bacterial strains. Actinomyces naeslundii NCTC 10301 and Streptococcus
sobrinus NCTC 12279 were grown anaerobically in brain heart infusion broth
(Oxoid, Hampshire, United Kingdom) at 37°C to a concentration of approxi-
mately 1 X 10 CFU ml~".

Inoculation of dual-species and microcosm biofilms. The CDFF was inocu-
lated with 500 ml of artificial saliva (27) containing 10 ml each of A. naeslundii
and Streptococcus sobrinus cultures in brain heart infusion broth for the dual-
species experiments. This mixture was pumped in at a continuous rate of 1 ml
min~"! for 8 h using a peristaltic pump.

In order to produce microcosm biofilms, whole saliva was obtained from 15
individuals and used to create a pooled stock to be used as the inoculum for each
experiment. Briefly, equal amounts of saliva from each individual were added to
the pool along with glycerol (final concentration, 10% [vol/vol]). This pool was
then split into 1-ml aliquots which were stored at —80°C. These 1-ml aliquots
were added to 500 ml of artificial saliva and then pumped into the CDFF at a
constant rate under microaerophilic conditions (2% O,, 3% CO,, and 95% N at
200 X 10° Pa) for the 8-h inoculation period before being switched back to an
aerobic atmosphere once inoculation was ceased.

In vitro model parameters. The biofilms were grown as previously described
(29) using the CDFF. The system was maintained at a constant temperature of

36°C (representative of the oral cavity) by being housed in an incubator. The
artificial saliva growth medium was pumped in at a flow rate of 0.72 liter day ',
which is representative of the daily salivary flow rate (4, 10, 15). An aerobic
atmosphere was maintained by exposure to the environment via a filtered air
inlet in the top plate. After initial comparisons of bovine enamel and hydroxy-
apatite, as substrata showed no difference in total counts or species proportions,
hydroxyapatite disks (5-mm diameter) were used and recessed to a depth of 600
pm. This increased recess depth was used to allow thicker biofilms to develop, as
would be seen in interdental regions of supragingival plaque associated with poor
dental hygiene. Biofilms were removed aseptically from the CDFF during the
course of each run via the sampling port and subjected to various analyses.

Gingivitis conditions. To provide nutrients associated with the onset of gin-
givitis, an artificial GCF formulation (37) comprised of 60% RPMI tissue culture
medium (used here to provide nutrients present in tissue exudates, which are a
major component of GCF) and 40% horse serum, with 0.5 pg ml~ ! menadione
and 5.0 pg ml~! haemin (all Sigma, Dorset, United Kingdom), was pumped into
the artificial saliva formulation as it flowed into the CDFF at a rate of 50 pl
min~"', an approximation of the flow rate of GCF into saliva during gingivitis
(7). This was accompanied by a switch to a more microaerophilic environment
by pumping in a microaerophilic gas mixture (2% O,, 3% CO,, and 95% N at
200 X 10° Pa), with an oxygen content associated with periodontal disease (18),
via a filtered air inlet in the top plate at a rate of 200 cm?® min~".

Cultural analysis. After aseptic removal from the CDFF, biofilms were placed
in 1 ml of sterile phosphate-buffered saline containing five glass beads and
vortexed for 1 min to create a homogeneous suspension. This suspension was
then serially diluted and plated onto appropriate media to give viable counts and
species proportions. Serial dilutions were plated onto fastidious anaerobe agar
(Bioconnections, Leeds, United Kingdom) to give total anaerobic counts and on
Columbia blood agar (Oxoid, Hampshire, United Kingdom) to give total aerobic
counts. Actinomyces spp. were selected for on cadmium fluoride-acriflavine-
tellurite plates (41), and Streptococcus spp. were selected for on mitis salivarius
agar (BD Biosciences, Oxford, United Kingdom). For microcosm plaques, gram-
negative species were selected for on Columbia blood agar with a gram-negative
supplement (Oxoid), Veillonella spp. were selected for on Veillonella agar (BD
Biosciences), and Lactobacillus spp. on Rogosa agar (Oxoid). All plates were
incubated anaerobically at 37°C for 4 days, except fastidious anaerobe agar,
cadmium fluoride-acriflavine-tellurite plates, and gram-negative selective agar,
which were incubated for up to 2 weeks to allow slower-growing colonies to
become distinct. Columbia blood agar plates were incubated aerobically at 37°C
overnight. On all selective media, species were confirmed by colony morphology
and Gram reaction.
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TABLE 1. Proportions of selected species before and after the
addition of artificial GCF and microaerophilic gas

Biofilm formation (%)“*

APPL. ENVIRON. MICROBIOL.

were normalized against the maximum image intensity value for each channel as
described previously (11).

Bacteria Before After RESULTS
dditi additi Lo . .
addition addition In dual-species biofilms grown aerobically and fed with ar-
Streptococcus spp. 584 (7.1) 5.3(0.9) tificial saliva, S. sobrinus was the dominant organism through-
Actinomyces spp. 4.5(0.3) 70.1(15.8) out, achieving a stable population after 7 days, with viable
Lactobacillus spp. 0.9 (0.2) 2.1(0.29) ts of 5.4 X 107 CFU biofilm. T trast. Acti
Veillonella spp. 0.8 (0.1) 1.5(0.53) ~ countsolbo. (-0 per DIofiim. n Contrast, ~clnonmyces
Gram-negative species 0.5 (0.04) 5.7 (0.60) spp. reached a maximum viable count of 5.7 X 10> CFU per

“ The percentage of total cultivable anaerobes at day 7 (before addition) and
day 14 (after addition). Data are means and standard deviations (n = 4).

Biofilm visualization. Biofilms were analyzed by CLSM using methods de-
scribed previously (12). Briefly, the hydroxyapatite disks supporting the biofilms
were placed onto a 5-cm (diameter) petri dish and held in place by vacuum
grease, biofilm side up. The biofilms were carefully submerged in 8 ml of a
1:4,000 dilution of BacLight LIVE/DEAD viability stain (Molecular Probes,
Oregon) in water and then incubated in the dark for 10 min. Replicates were
examined with a Radiance 3000 confocal laser scan head (Bio-Rad GmbH, Jena,
Germany) in conjunction with a BX51 stereomicroscope (Olympus UK Ltd.,
Southall, United Kingdom), equipped with a 40X HCX water immersion dipping
lens with a numerical aperture of 0.8 um. The lasers used were a helium neon
(543 nm) laser and an argon (488 nm) laser. The thickness of each confocal
optical section was 3 um. The resulting collections of confocal optical sections
were collected by Bio-Rad LaserSharp software as stacks of images (*.PIC files)
and archived onto optical disks. At each time point, three biofilms were exam-
ined by CLSM, and for each disk, at least three different points within the biofilm
were observed.

Image analysis. All images were analyzed using Image J 1.22d software (NTH).
Three-dimensional images were created from the live (green) and dead (red)
color channels using the three-dimensional project tool of Image J and then
combined to create a single RGB (red-green-blue) stack using RGB merge,
allowing the spatial visualization of live and dead bacteria within the biofilm
structure. To examine the relative intensity of fluorescence for the live and dead
channels through each optical section of the biofilms, intensity profiles were
generated using the plot z-axis tool of Image J. The intensity values obtained

biofilm, although the counts were also stable by day 7 (Fig. 1).
With the addition of artificial GCF and microaerophilic gas
into the system, A. naeslundii became the dominant organism,
with counts of 3.5 X 10®* CFU per biofilm, representing more
than a 2-log,, increase in numbers. S. sobrinus counts reached
a minimum of 1.6 X 10° CFU per biofilm, representing a log,,
reduction. In repeat experiments where the times of addition
of artificial GCF and microaerophilic gas were varied, the
increase in A. naeslundii counts always corresponded to the
time environmental conditions were changed (data not shown).

Table 1 shows the selected species proportions from a typ-
ical microcosm dental plaque experiment before and after the
addition of artificial GCF and microaerophilic gas. Before the
change in environmental conditions, Streptococcus spp. domi-
nated the biofilms and accounted for almost 60% of the total
cultivable organisms present on the anaerobic agar plates. Af-
ter the addition, Actinomyces spp. were the dominant genera,
increasing from 4 to 70% of the total anaerobes. Veillonella
and Lactobacillus proportions increased as did gram-negative
species, which showed a 10-fold increase and accounted for a
greater proportion of cultivable species than Streptococcus spp.

In microcosm biofilms, species proportions were stable after
approximately 7 days, with Streptococcus counts reaching 3.4 X
10® CFU per biofilm and Actinomyces spp. reaching 1.0 X 107
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FIG. 2. Species counts from microcosm biofilms when artificial GCF addition and a switch to microaerophilic conditions were commenced on
day 7. ®, Actinomyces spp.; A, Streptococcus spp. Error bars represent the standard deviations (results combined from two separate CDFF
experiments; n = 8).
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FIG. 3. Species counts from microcosm biofilms when artificial GCF and microaerophilic gas addition were commenced on day 14 and then
ceased on day 28. @, Actinomyces spp.; A, Streptococcus spp. Error bars represent the standard deviations (n = 5).

CFU per biofilm. After the addition of artificial GCF and
microaerophilic gas, Actinomyces spp. became the dominant
cultivable genera (Fig. 2), with total numbers reaching 5.0 X
10® CFU per biofilm, representing a log,,, increase. This was
accompanied by a decrease in Streptococcus counts to 7.6 X 10°
CFU per biofilm, representing more than a log,, reduction.
Additionally, during further experiments, when GCF and mi-

croaerophilic gas addition were ceased, Streptococcus numbers
increased to levels seen before the addition (Fig. 3). As seen
with the dual-species biofilms, the increase in Actinomyces spp.
and decrease in Streptococcus spp. always corresponded to the
point where environmental conditions were changed.

Figure 4 shows images taken from microcosm biofilms
grown before or after artificial GCF and microaerophilic gas

FIG. 4. CLSM images (300 by 300 wm) of microcosm biofilms taken from 10-day-old biofilms before the addition of artificial GCF and
microaerophilic gas (a) and from biofilms after the addition at day 24 (b) at a depth of 50 wm. Green represents viable bacteria, and red represents
nonviable bacteria.
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FIG. 5. Normalized relative intensity values for fluorescence of vi-
able and nonviable bacteria present through each layer of the biofilm.
(a) Biofilms before the addition of artificial GCF and microaerophilic
gas and (b) biofilms after the addition. m, viable bacteria; ¢, nonviable
bacteria.

addition. Before the addition, biofilms displayed an open struc-
ture with many visible voids and channels and structural fea-
tures, such as filaments. Nonviable bacteria presented a signif-
icant portion of the biofilm structure but were confined mainly
to deeper layers closer to the hydroxyapatite surface. After the
addition, biofilms displayed a more tightly packed structure
with fewer visible voids. Nonviable bacteria appeared to form
a more significant portion of the biofilm structure and were
visible in the uppermost regions. Additionally, they appeared
to form stacks composed of predominantly nonviable bacteria.

Figure 5 shows the normalized relative fluorescence inten-
sity values of viable and nonviable bacteria through each layer
of the confocal image. Before the addition of artificial GCF
and microaerophilic gas, nonviable bacteria demonstrated maxi-
mum fluorescence in the deeper layers of the biofilm, closer to the
substratum, while the maximum fluorescence for viable bacteria
was observed in the layers closer to the biofilm surface. After the
addition, both nonviable and viable bacteria showed maximum
fluorescence in layers closer to the biofilm/air interface. The rel-
ative intensity values for viable and nonviable bacteria show a
similar trend after the addition, with both showing reduced fluo-
rescence toward the substratum surface.

APPL. ENVIRON. MICROBIOL.

DISCUSSION

Many bacteria which are implicated in disease are associated
with the normal microbiota of humans. When these organisms
spread from their natural site of colonization, are allowed to
proliferate more rapidly, or exist in increased proportions due
to changes in their environment, disease can result. One such
example is dental plaque, the bacterial composition of which
remains relatively stable. However, the ecological plaque hy-
pothesis (20) proposes that this stability can be disrupted by
major fluctuations in environmental factors, such as changes in
diet, oral hygiene, and challenges by exogenous microbes to
cause disease. Modeling changes in microbial compositions of
dental plaque has previously focused on perturbation (22, 27,
30). The results of this work have shown that population shifts
associated with gingivitis can be successfully modeled in vitro
by mimicking changes in the oral environment.

With the dual-species model, it was possible to demonstrate
that with artificial saliva as the sole nutrient source, stable
communities dominated by streptococci became established.
By emulating the environmental conditions associated with
gingivitis, it was possible to disrupt these communities to favor
the growth of A. naeslundii. When these changes were applied
to the more complex microcosm model, the same shifts in
Streptococcus and Actinomyces proportions were observed, fur-
ther establishing the link between these two environmental
parameters and changes in microbial composition. In previous
studies where the same in vitro model has been used to de-
velop microcosm plaque with artificial saliva as the sole nutri-
ent source, Actinomyces proportions ranged between 2 and
11% of the total cultivable flora (27, 29, 30). With the addition
of artificial GCF and microaerophilic gas used in this study,
Actinomyces spp. represented a much greater proportion (70%)
of the total cultivable species. As this shift from a Streptococcus-
dominated to an Actinomyces-dominated plaque is a common
trend observed from in vivo experimental gingivitis studies (26,
33, 40), it is significant that this relationship can be emulated using
an in vitro model.

Although this study has focused on the relationship between
Streptococcus and Actinomyces spp., gram-negative species also
play a significant role in biofilms grown under gingivitis con-
ditions. This was shown by a 10-fold increase of these species
as a proportion of the total cultivable organisms. The growth of
gram-negative anaerobes, such as Tannerella spp. (formerly
Bacteroides spp.), Prevotella spp., and Fusobacterium nucleatum, is
enhanced by serum (35), which is a major component of GCF.
The addition of artificial GCF to the growth medium in these
in vitro studies represented the introduction of a protein-rich
nutrient source. The proteinase activity of some Actinomyces
spp. is thought to play a role in the degradation of serum
proteins into polypeptides for use by bacteria, such as F. nu-
cleatum and Prevotella gingivalis (14). The nutrients available in
artificial GCF are not likely to be utilized directly by oral
streptococci, such as Streptococcus sanguis and Streptococcus
mitis, which are carbohydrate dependent. Actinomyces spp.
may also be more adaptive to changes in environmental con-
ditions, due to their ability to utilize different metabolic path-
ways at a wider pH range than oral streptococci (34). In gen-
eral, increased nutrient availability will result in the formation
of denser biofilms, most likely due to the increased production
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of extracellular polysaccharides by oral bacteria (32), which
provides a further source of nutrients and plays a key role in
biofilm architecture by providing a means for attachment for
new species.

Confocal laser scanning microscopy has been applied to oral
biofilms developed both in situ (2) and using in vitro models
(8) to generate viability profiles. A characteristic feature of
supragingival plaque is viable bacteria being less prevalent in
deeper layers closer to the tooth surface (2, 3), and this distri-
bution has also been observed from in vitro models (12). This
type of distribution was observed with biofilms in the present
study before the change of environmental conditions to mimic
gingivitis and suggests that nonviable bacteria may be a key
feature both structurally and nutritionally for subsequent at-
tachment of species. A common observation from confocal
microscopy studies of dental biofilms is the heterogeneous
nature of biofilm structure (8, 39). Biofilm height and surface
coverage are not uniform, and so bacteria, at even the deepest
layers, can still be in contact with nutrients and oxygen. This
type of structure may be more conducive to plaque composi-
tion associated with oral health.

Under conditions emulating gingivitis, nonviable bacteria
became more widely distributed throughout the plaque struc-
ture, showing a more significant presence in layers closer to the
biofilm surface. This may reflect the development of microen-
vironments within the biofilm structure (11) in which extreme
gradients can exist across a small area. Vroom et al. (36)
demonstrated the presence of extreme niches in pH developing
as a response to the addition of sucrose. The introduction of
artificial GCF and a microaerophilic environment may also
instigate the development of extreme gradients in key environ-
mental factors, as this change in conditions may allow the
proliferation of species which may have had only a minor
presence in biofilms grown under nutritionally limited condi-
tions.

Due to the shear forces present within the model, biofilm
height cannot exceed a specific depth. Thus, any bacterial pro-
liferation occurring as a result of increased nutrient availability
will have to occur within the limited space and may lead to the
emergence of a more tightly packed structure. Previous studies
(28) have shown that the addition of sucrose to biofilms can
significantly change the coverage of microcosm plaque biofilms
on hydroxyapatite, producing denser biofilms with fewer visible
voids and channels and displaying a more uniform structure,
which is thought to be significant to the development of dental
caries.

The increased presence of Actinomyces spp. in densely
packed biofilms may be due to the specific structures formed.
In a five-species model of supragingival plaque (9), A. naeslun-
dii was shown to aggregate with most other species present and
appeared to form structures spanning the height of the biofilm,
coming into contact with the biofilm surface. Streptococcus spp.
were shown to form horizontal structures and large microcolo-
nies in the central strata of the biofilm. Single cells and chains
were also present in mature biofilms. These differences in
distribution may be critical to the survival of species as the
biofilm structure changes. As biofilms become more-densely
packed, Actinomyces spp. may have an advantage spanning the
height of the biofilm, allowing continued access to nutrients
from the biofilm surface. The large microcolonies formed by
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Streptococcus spp. may be cut off from nutrient supplies and
out-competed by organisms better able to grow with serum-
derived nutrients.

In vitro models of microbial communities associated with
health and disease are valuable tools for observing key factors
in disease progression. When disease results from changes in
the resident microflora, the use of such models allows the
influence of individual environmental factors to be assessed
and also allows the effects of potential treatments on these
communities to be examined.
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