
Dental plaque biofilms consist of complex
communities of oral bacteria with hun-
dreds of species present (23, 24) and they
are a challenge to replicate in vitro.
Microcosms represent laboratory systems
that have been derived from natural
ecosystems and which attempt to simulate
the conditions prevailing in the environ-
ment under study (36). Several continu-
ous flow microcosm models have been
developed to study dental plaque bio-
films, including chemostat-based systems

(3, 19), the constant-depth film fermenter
(17, 22), multiple Sorbarod devices (15,
23) and, in our laboratory, the multi-
plaque artificial mouth (8, 31). Most of
these systems require specialist equipment
and their maintenance is labor intensive.
However, the plaque biofilms that are
generated from these microcosm systems
appear to reflect the complexity, diversity
and heterogeneity of in vivo plaques, and
allow their study under controlled condi-
tions (29, 37).

Microtiter plates have been used to
generate up to 96 individual biofilms under
batch culture (7, 27) and continuous flow
(6) conditions, although typically as mono-
cultures. Consortia-based plaque models
grown in 24-well microplates include
those based on a model of supragingival
plaque comprising five species established
on hydroxyapatite (12, 28) and these have
further advanced our understanding of
plaque ecology. However, monoculture
biofilms, and consortia biofilms
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In vivo dental plaque biofilms consist of complex communities of oral bacteria that are a
challenge to replicate in vitro. The aim of this investigation was to establish human dental
plaque microcosms in microplates to reflect conditions that are relevant to dental caries.
Microcosm plaque biofilms were initiated from the saliva of two different donors, grown
for up to 10 days in 24-welled microplates on ThermanoxTM coverslips in various types
of artificial saliva with and without sucrose, which were replaced daily. Microbiota
composition of 40 species associated with oral health and dental caries was monitored in
the plaques using Checkerboard DNA–DNA hybridization analysis. pH was measured as
an indicator of cariogenic potential. The composition of the saliva inocula was different,
and yielded plaque microcosms with different composition and growth responses to
sucrose. Artificial saliva type and presence of sucrose, and the resulting growth and pH
conditions, modified the growth of individual species and hence the ecological profile of
the microplate plaques during development. Complex population shifts were observed
during development, and older plaques comprised predominantly facultative anaerobic
species. Sucrose supplementation limited the decline of Streptococci over time but did not
increase the abundance of mutans Streptococci. Sucrose at 0.15% increased levels of
caries-associated species including Lactobacillus fermentum, Lactobacillus acidophilus
and Actinomyces gerensceriae; these were further increased with sucrose at 0.5%, in
addition to Actinomyces israelii, Rothia dentocariosa and Capnocytophaga gingivalis.
The microplate plaques demonstrated complex community dynamics that appeared to
reflect the maturation of natural plaques, and sucrose induced a cariogenic plaque
composition and pH.
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comprising a small number of species, do
not represent the complexity and diversity
of natural plaques.
Checkerboard DNA–DNA hybridiza-

tion (CKB) is a technique that gives a
simultaneous and quantitative analysis of
up to 28 plaque samples against 40 key
microbial species (33, 34). It has been
successfully applied to study predomin-
antly gram-negative bacterial complexes
associated with periodontal disease in vivo
(16, 32) and enables a more detailed
analysis than would be practicable with
culture techniques (10, 35). To focus on
bacterial complexes associated with dental
caries we have modified the CKB species
panel to incorporate a wider range of
potential cariogenic gram-positive species
and Candida albicans, including bacteria
associated with oral health and periodon-
titis, and have successfully applied this
system in a study of childhood caries
in vivo (35).
The aims of this study were to establish

dental plaque microcosm biofilms in
microplates with various types of artificial
saliva supplemented with and without
sucrose, and to characterize their growth
and microbiota composition using CKB
analysis; with the view to achieving
growth conditions relevant to those in
caries development.

Materials and methods

Growth conditions and experimental

protocol

Two sets of experiments were carried out.
Each experiment had a different salivary
donor. In Experiment I, three media types
(1.8 ml in each well) were used, all with
and without 0.15% sucrose. These media
were a chemically defined saliva analog
[defined medium enriched with mucin
(DMM)] and a basal medium mucin (yeast
extract and peptones) with and without
mucin (BMM and BM, respectively) (38).
DMM contains ions, mucin, amino acids,
vitamins and growth factors at concentra-
tions based on those in saliva, whereas
BMM contains mucin and higher concen-
trations of yeast extract and peptones (38).
BM contains yeast extract and peptones. In
Experiment II only DMM was used as the
growth medium. The effect of different
volumes (0.9, 1.8 and 2.5 ml) of DMM
supplemented with and without 0.15%
sucrose on growth was evaluated. A sub-
set of this experiment was designed to
examine the effect of 0.5% sucrose on
microplate plaques grown in 1.8 ml DMM.
Approximately 40 ml stimulated saliva

was collected from each donor, who had

refrained from oral hygiene for 24 h.
Ethical approval was granted by the Wel-
lington Ethics Committee, New Zealand.
Dithiothreitol was added (0.5 mm final
concentration) and the saliva was filtered
through sterile glass wool and collected in
a sterile glass beaker and mixed (38). The
prepared saliva (400 ll) was inoculated
onto 13-mm diameter sterile Therman-
oxTM coverslips (Nunc Inc., Naperville,
IL) placed in each well of the 24-well
microplates (Sarstedt, Sarstedt Australia
Pty Ltd, Ingle Farm, Australia). After 1 h,
the saliva was gently aspirated from the
coverslips and the base of the wells, and
growth media were added. The plates were
then incubated in an anaerobic hood in an
atmosphere of 80% N2, 10% CO2 and 10%
H2 (CoyTM, Laboratory Products Inc.,
Grass Lake, MI) for up to 10 days at
35�C without shaking. The artificial saliva
medium for each well was replaced daily.
The plate was gently shaken, the superna-
tant removed from each replicate well was
pooled and its pH was recorded (CD 660
Digital pH meter; Walden Precision
Apparatus, Linton, Cambridge, UK).

Analysis of plaque growth

In addition to daily pH measurements of
the supernatant, growth of the microplate
plaques was measured as wet-weight accu-
mulation (mg). In Experiment I, wet-
weight measurements were taken after 3,
7 and 10 days of growth. In Experiment II,
wet-weight measurements were taken after
3, 4 and 7 days of growth. A more detailed
early time course was investigated for the

microplate plaques grown in 1.8 ml DMM
with and without 0.15% sucrose with
measurements also taken after 1 and
2 days of growth.
After removal of the supernatant, the

coverslip and adherent biofilm were
removed using sterile tweezers, placed on
a sterile tissue to absorb any excess liquid
and biofilm biomass was measured as wet
weight (mg). The biofilm suspensions
were then prepared for CKB analysis by
placing the coverslip and adherent biofilm
in sterile water and mixing vigorously to
remove the adherent biofilm. Aliquots of
the samples were dispensed, the cells were
harvested and the pellets were stored at
)80�C until analysis.

Microbiota profiling of the microplate

plaques using CKB analysis

The CKB assay was carried out as des-
cribed previously (35). Briefly, triplicate
homogenized plaque samples (0.25 mg),
and DNA standards (105 and 106 cells/ml,
comprising a mixture of all probe species)
in 200 ll 0.25 m alkali were denatured
and lysed at 95�C for 5 min, cooled and
neutralized with 800 ll 5 m NH4 acetate.
Each of the DNA samples and the stand-
ards was deposited onto a 15 · 15-cm
positively charged nylon membrane
(Roche Diagnostics, Mannheim, Germany)
using one of 30 parallel lanes of a multi-
channel immunoblotter (Minislot 30;
Immunetics, Cambridge, MA). The mem-
brane was UV cross-linked. Probes were
prepared from whole cell chromosomal
DNA by random-primed digoxigenin

Table 1. The CKB panel species and their key groupings

Key group Species

Streptococci Streptococcus mutans, Streptococcus sobrinus,
Streptococcus parasanguis, Streptococcus mitis1,
Streptococcus oralis, Streptococcus intermedius,
Streptococcus vestibularis, Streptococcus mitis 2,
Streptococcus gordonii, Streptococcus sanguis,
Streptococcus anginosus

Lactobacilli and Bifidobacter Lactobacillus fermentum, Lactobacillus plantarum,
Lactobacillus acidophilus, Lactobacillus rhamnosus,
Bifidobacterium dentium

Candida albicans C. albicans
Actinomyces Actinomyces israelii, Actinomyces gerencseriae,

Actinomyces naeslundii, Actinomyces odontolyticus,
Rothia dentocariosa

Microaerophiles Actinobacillus actinomycetemcomitans, Eikenella corrodens
Aerobes Neisseria mucosa, Haemophilus parainfluenzae
Anaerobes 1 Fusobacterium nucleatum ss nucleatum, Campylobacter rectus,

Veillonella parvula, Capnocytophaga gingivalis,
Peptostreptococcus asaccharolyticus, Gemella morbillorum,
Prevotella melaninogenica, Leptotrichia buccalis,
Eubacterium saburreum, Corynebacterium matruchotii,
Prevotella nigrescens/intermedia

Anaerobes 2 Porphyromonas gingivalis, Selenomonas noxia,
Micromonas micros
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(DIG) labelling according to the manufac-
turer’s protocol (Roche Diagnostics). The
40 species probe panel comprised a selec-
tion of caries and periodontal pathogens
and other major plaque species (Table 1).
The 30 DNA lanes were then cross-
hybridized with 40 DIG-labelled probes,
stringency washed and signals were detec-
ted using CDP-Star chemiluminescent
substrate and quantified by digital image
capture (GeneSnap v. 6; Syngene, Cam-
bridge, UK). Spot intensities were com-
pared to internal standards using software
given by Dr S. Socransky. The spot
intensities were converted to absolute
counts and analysed as the mean percent-
age of the DNA probe count. Failure to
detect a signal (sensitivity � 104 cells)
was recorded as zero.

Statistical analysis

All treatments were arranged in triplicate,
descriptive statistics were calculated and

results were analysed for significance
(P < 0.05) using a general linear model
univariate analysis of variance and the
post-hoc Tukey’s Honestly Significantly
Different (HSD) test (SPSS, v12.0.1 for
Windows; SPSS Inc., Chicago, IL). Prin-
cipal component analysis (PCA) was used
to identify the compositional relationships,
based on the 40 CKB species, between the
microplate plaques in response to the
different growth conditions, and relative
to the composition of the initiating saliva
(SAS� version 8.02; SAS Institute Inc.,
Cary, NC). PCA is a technique that
simplifies a dataset by identifying under-
lying patterns, providing a concise over-
view of the data (9). The data are
transformed to a coordinate system so that
the variance of the data is attributed to a
number of different principal components
(linear components of the original varia-
bles), the first principal component usually
accounts for the greatest amount of vari-
ance. In this way, the dataset is dimen-
sionally reduced while retaining
characteristics that contribute most to its
variance (9).

Results

Growth of the microplate plaques

In Experiment I, BMM without sucrose
promoted early growth of the microplate
plaques and by day 3 the biomass was
almost double that of the biofilms grown in
DMM (P < 0.05) (Fig. 1A). However,
after 10 days of growth, all the media
types yielded comparable plaque biomas-
ses (P > 0.05) (Fig. 1A). The biomass of
the microplate plaques was considerably

lower in Experiment II than in Experiment
I (Fig. 1B). Neither media volume nor
0.15% or 0.5% sucrose supplementation
significantly influenced biofilm biomass
(P > 0.05; Fig. 1B).
In Experiment I the pH, measured every

24 h, of both the BMM and BM supern-
atants was � 7.5. For the first 4 days, the
pH of both BMM and BM supplemented
with sucrose was � 5.4, which then rose
on subsequent days to � 7.2. The super-
natant pH of DMM was � 7.4 and with
0.15% sucrose was � 6.4 (data not
shown). Similar 24-h pH values for
DMM and DMM supplemented with
0.15% sucrose were obtained in Experi-
ment II. Sucrose supplementation at 0.5%
caused a substantial decrease in the pH of
the supernatant to � 3.9 (Fig. 2).

Microbiota composition of the microplate

plaques

In Experiment I, the majority of the 40
CKB species were detected in the micro-
plate plaques (Figs 3 and 4). During
development, microbiota composition shif-
ted from mainly aerobic and facultative
anaerobic species to comprise predomin-
antly facultative anaerobes.
Individual species responded differen-

tially to media composition and sucrose
supplementation, yielding some major and
some subtle variations in the microbial
profiles (Figs 3 and 4). The composition
relationships analysed by PCA showed
that the plaques differentiated according to
media type and sucrose supplementation,
and were quite different from the saliva
inoculum (Fig. 5A).
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Fig. 1. Growth of the microplate plaques in (A)
BMM, BM and DMM with and without 0.15%
sucrose (S) after 3, 7 and 10 days, Experiment I
and in (B) different volumes (0.9, 1.8 and
2.5 ml) of DMM supplemented with 0.15% and
0.5% sucrose in 1.8 ml only, during 7 days of
growth, Experiment II. The error bars represent
SE.
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In Experiment II the microplate plaques
demonstrated complex population shifts,
as in Experiment I. Sucrose concentration

appeared to have the greatest effect on the
microbiota composition of the microplate
plaques, which were quite different to the

saliva inoculum, with media volume hav-
ing some effect on the relative abundance
of species present (Fig. 5B). Similar to

Fig. 3. Composition profiles of the microplate microcosm plaques (monitored over 10 days using CKB analysis) grown without sucrose in the artificial
saliva DMM (black lines), BMM (red lines) and BM (green lines).
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Experiment I, the composition profiles
were influenced by the different growth
responses of individual species to sucrose
(Fig. 6).
In both experiments the presence of

sucrose in the growth medium appeared to
limit the decline of Streptococci over time,
but did not appear to increase the relative
abundance of mutans Streptococci (Figs 3,
4 and 6). Supplementation of DMM with
0.15% sucrose yielded increased abun-
dance of Lactobacillus fermentum,
Lactobacillus acidophilus, Bifidobact-
erium dentium, Actinomyces gerensceriae
and Actinomyces naeslundii. In addition to
these species, supplementation of DMM
with 0.5% sucrose resulted in increased
levels of Streptococcus vestibularis, Acti-
nomyces israelii, Rothia dentocariosa,
Capnocytophaga gingivalis and Gemella
morbillorum (P < 0.05).
The composition of the two saliva

inocula used in the two experiments was
different (Fig. 5C) and yielded differences
in the microbiota composition of the
microplate plaques and in the degree of
response to 0.15% sucrose supplementa-
tion (Fig. 5B). For some species, such as
Streptococcus parasanguinis, Haemophi-
lus parainfluenzae, Eikenella corrodens
and Veillonella parvula, levels were almost
double in DMM with 0.15% sucrose from
Experiment I (P < 0.05), whereas with
0.15% sucrose supplementation in Experi-
ment II, levels of some species, including
Streptococcus sobrinus, L. acidophilus and
Actinobacillus gerensceriae, were nearly
double (P > 0.05). For both experiments,
development was comparable, and the
effect of sucrose supplementation on
microbiota composition was most apparent
in the first few days.

Discussion

The microbial composition of the micro-
plate plaques initiated from a one-time
saliva inoculation established in both
Experiment I and II, as evaluated by
CKB analysis, demonstrated a degree of
similarity in patterns of ecological devel-
opment and complex population dynamics.
Reproducible plaque biofilms were estab-
lished from each saliva donor, although
differences were observed in the amount of
plaque formed, which was probably rela-
ted to host-specific factors (2, 17).
In a continuous culture environment,

such as the oral cavity, the development of
in vivo plaque biofilms is generally
thought of as a sequential process of
species attachment to the tooth and/or the
extant plaque, and growth (13, 20). In this

present study, it has been shown that with
a one-time saliva inoculation, under batch
culture conditions and daily renewal of the
artificial saliva growth medium, it was also
possible to replicate the population dynam-
ics of natural plaque development; pro-
gressive shifts from mainly aerobic and
facultative anaerobic species to predomin-
antly facultative anaerobic and obligate
anaerobe species as described for natural
plaque (20). It would be expected that
ecological shifts in plaque would exist
under continuous culture growth condi-
tions, and these have been previously
demonstrated (14, 22, and Sissons et al.,
submitted for publication), but not
described for a batch culture model, espe-
cially aimed at generating caries-related
plaques.
Drawing direct comparisons with other

plaque model systems of different hydro-
dynamic characteristics is difficult; other
plaque microcosm studies are either car-
ried out under nutritionally different cul-
ture conditions (22, 28), involve
continuous biomass removal, as with the
constant depth film fermenter (19, 21), or
even consortia models comprised of sev-
eral oral laboratory species (12, 28).
However, the key feature of the experi-
mental microcosm systems is ecological
complexity. Of particular interest is inter-
individual variation, and divergence in
microbiota composition from the initiating
saliva during growth, representative of the
inherent heterogeneity of plaque composi-
tion in vivo. In this investigation the
microbiota composition of the saliva inoc-
ula from the two individual donors was
different, illustrating that the oral microb-
iota and ecology of individuals is intrin-
sically different. Such differences are
implicit in the ecological hypothesis of
dental disease (17, 18). Compositional
differences in the initiating saliva have
been shown to persist during the develop-
ment of complex plaque microcosm com-
munities under the same environmental
and nutritional growth conditions (14, 26).
Similarly, in this investigation, composi-
tional differences in the saliva inocula
yielded plaque microcosms of different
composition and properties, in particular,
the degree of response to sucrose supple-
mentation.
Sucrose and frequencies of sucrose

exposure and associated acidic conditions
have been shown to significantly affect the
species composition of in vivo and in vitro
plaque biofilms (5, 15, 30, Sissons et al.,
submitted for publication). Similarly, in
this investigation sucrose exposure had a
substantial effect on the microbiota com-

(A)

(B)

(C)

6
DMM+S

DMM+S

DMM+S

DMM

DMM

DMM 0.15% sucrose

DMM No sucrose

DMM 0.5%
sucrose

0.9ml

0.9 ml

1.8 ml

1.8 ml

1.8 ml

2.5 ml

2.5 ml

DMM

BMM

BM

Saliva D1

Saliva D2

Saliva D2

Saliva D1

Experiment I

Experiment II

Experiment II

Experiment I

BM+S

BMM+S

5

4

3

2

1

P
rin

ci
pl

e 
co

m
po

ne
nt

 2
34

 %
 o

f v
ar

ia
nc

e

4

3

2

1

0

–1

–2

–3

–4
–4

P
rin

ci
pl

e 
co

m
po

ne
nt

 2
26

 %
 o

f v
ar

ia
nc

e
P

rin
ci

pl
e 

co
m

po
ne

nt
 2

22
%

 o
f v

ar
ia

nc
e

Principle component 1
53 % of variance

Principle component 1
50% of variance

Principle component 1
55% of variance

0

–1

–2

–3

–4
–4 –2 0 2 4

–2 0 2 4

4

3

2

1

0

–1

–2

–3
–4 –2 0 2 4 6

8

Fig. 5. PCA of the compositional relationships
of the CKB species between the microplate
microcosm plaques. (A) Effect of different
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Comparison of microbiota composition of the
microplate plaques grown in the artificial saliva
medium DMM from Experiment I and II after
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supplementation and in relation to the initiating
saliva (D1 and D2 respectively). The plaques
differentiated according to the initiating saliva,
and plaques from Experiment II showed a
greater degree of response to sucrose supple-
mentation. In both Experiments, composition of
the plaques was quite different from the initi-
ating saliva (D1 and D2).
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position throughout plaque development.
Supplementation of DMM with 0.15% and
0.5% sucrose yielded repeatable 24-h pH
values of 6.5 and 3.9 respectively. Tooth
demineralization is a complicated process,
involving factors such as plaque calcium
and inorganic phosphate levels, as well as
plaque pH. Lowering plaque pH by
increasing the frequency of sugar appli-
cation reduces the mineral protection capa-
city of plaque (25). Supplementation of
DMM with 0.5% sucrose yielded a
stable 24-h pH of 3.9, well below the
critical pH conditions for demineralization
of tooth enamel (� pH 5.5) (15). The
plaque pH environments generated from
0.15% and 0.5% sucrose supplementation
in DMM reflect differences in the
degree of cariogenicity of the microplate
plaques.
Analysis of the bacterial species asso-

ciated with childhood caries, using sev-
eral molecular analysis techniques
including reverse CKB analysis, indicated
that although there was a relationship
between Streptococcus mutans and caries,
many other species appeared to be
involved in the disease (1). A. gerensce-
riae, Bifidobacterium, Veillonella, Rothia,
Streptococcus salivarius, Streptococcus
constellatus, S. parasanguinis and L.
fermentum were also strongly associated

with caries (1). A. gerensceriae was the
most numerous species in white spot
lesions and hence is potentially associated
with caries initiation, along with other
Actinomyces sp. (1). The results from this
present investigation indicated that DMM
supplemented with 0.15% sucrose
appeared to promote the growth of these,
and other cariogenic bacteria. DMM sup-
plemented with 0.5% sucrose, and asso-
ciated acidic conditions appeared to
support the growth of A. israelii associ-
ated with root caries (4), and C. gingivalis
and Leptotrichia buccalis associated with
necrotizing gingivitis (11).
Plaque-induced diseases are complex,

and appear to be related to the increased
levels of particular species in the oral
microbiota, which relate to differences in
the oral environment (2, 18). The results
from this investigation have shown that it
is possible to manipulate growth condi-
tions and sucrose exposure to modulate
plaque composition and prevalence of
species linked to dental caries within a
complex plaque-like community in a
microplate system. The ability to achieve
this will be invaluable for studying the
etiology and development of dental dis-
eases, potentially yielding a more realistic
laboratory model than consortia and mono-
species biofilm systems.
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