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Abstract
The aim of this study was to investigate the impact of early colonizing species on the structure and the composition of
the bacterial community developing in a subgingival 10-species biofilm model system. The model included
Streptococcus oralis, Streptococcus anginosus, Actinomycesoris, Fusobacterium nucleatum subsp. nucleatum,
Veillonella dispar, Campylobacter rectus, Prevotella intermedia, Porphyromonas gingivalis, Tannerella forsythia, and
Treponema denticola. Based on literature, we considered Streptococcus oralis, Streptococcus anginosus, and
Actinomyces oris as early colonizers and examined their role in the biofilms by either a delayed addition to the
consortium, or by not inoculating at all the biofilms with these species. We quantitatively evaluated the resulting
biofilms by real-time quantitative PCR and further compared the structures using confocal laser scanning microscopy
following fluorescence in situ hybridisation. The absence of the early colonizers did not hinder biofilm formation. The
biofilms reached the same total counts and developed to normal thickness. However, quantitative shifts in the
abundances of individual species were observed. In the absence of streptococci, the overall biofilm structure
appeared looser and more dispersed. Moreover, besides a significant increase of P. intermedia and a decrease of P.
gingivalis , P. intermedia appeared to form filamented long chains that resembled streptococci. A. oris, although
growing to significantly higher abundance in absence of streptococci, did not have a visible impact on the biofilms.
Hence, in the absence of the early colonizers, there is a pronounced effect on P. intermedia and P. gingivalis that
may cause distinct shifts in the structure of the biofilm. Streptococci possibly facilitate the establishment of P.
gingivalis into subgingival biofilms, while in their absence P. intermedia became more dominant and forms elongated
chains.
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Introduction

The constant bacterial colonization and growth on the tooth
surfaces leads to the formation of oral biofilms, which can only
be controlled by daily oral hygiene. With the abstinence of oral
hygiene, as is the case in the experimental gingivitis in man,
the bacterial composition of these biofilms, initially dominated
by cocci and small rods, starts to shift towards a spirochaetedominated flora, accompanied by the onset of gingivitis over a
period of two to three weeks [5]. This transition of the bacterial
flora seems to be the key process in the induction of
periodontitis at a later stage. However, how this succession of
species is guided is still unclear. Species associated with
different stages periodontal disease were defined more than 10
years ago [6,7] and, more recently, the normal bacterial flora in
the oral cavity as well [8]. While Streptococcus sp. and
Actinomyces sp. are recognized as dominant species in the
healthy oral flora and their role as early colonizers is
understudied. They were observed in vivo as the bacteria
attaching directly to the tooth surface [9], and in terms of

Periodontitis is one of the most prevalent diseases
worldwide. Based on the evaluation of the NHANES
2009-2010, Eke et al. [1] stated the prevalence of periodontitis
in the United States in adults aged 30 years and older to 47.2
%. In adults older than 65 years, the prevalence is even higher
with 70.1 %. In 1999, the costs for treatment and prevention of
the disease reached 14.3 billion dollars [2]. Despite the
prevalence and costs caused by the disease, knowledge is still
very limited. Key factor for this is the complex nature of
periodontitis [3]. There is no single causative organism for the
disease, but the interplay of a consortium of several hundred
species, which as well do vary significantly between patients
and sites [4]. Even though there have been large efforts to
bring light to the pathogenicity during the past decades, many
mechanisms involved in the aetiology of periodontitis still
remain unclear.
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at a final concentration of 0.34 mM was added [14] and to
optimise growth of P. gingivalis, haemin at a final concentration
of 15.3 µM was added [15].
Four different inocula were used in this study: As a control,
an inoculum containing all 10 species was used. The inoculum
“LateStr”, (“late streptococci”) harboured all ten species,
however, the two streptococcus strains were added after 16.5 h
of incubation time. “NoStr”, (“no streptococci”) used no
streptococci at all, and in “NoStrNoAori” (“no streptococci, no
A. oris”), neither the streptococci, nor A. oris were included in
the inoculum.
The incubation time for the biofilms was 64.5 h. The growth
medium was renewed first after 16.5 h and subsequently every
24 h. In addition, the biofilms were dip-washed in 0.9 % NaCl
twice daily (morning and afternoon) at an interval of 6 h. The
morning dips were performed prior to each renewal of the
growth medium or, at the end of the incubation time, prior to
the harvest of the biofilms.

attachment capabilities they are the ones that are able to
directly bind to the salivary pellicle [10]. However, the
sequence of events responsible the changes from biofilms
dominated by these early colonizers, to the completely altered
consortium detected in periodontal pockets is still being
debated. It was speculated that the generally symbiotic oral
community is modified by certain keystone pathogens that are,
even at low abundance, capable to impair the host’s immune
response and increase the pathogenic potential of the whole
community [11].
In this study, we used a 10-species subgingival biofilm model
system to address the question how the early colonizing
species, namely Streptococcus oralis, Streptococcus
anginosus, and Actinomyces oris influence the development of
the biofilms. While the full consortium of these 10 species was
shown to produce biofilms resembling a state of chronic
periodontitis in both quantitative distribution of the bacteria and
structure [12], we hypothesized that the removal of these
species will either significantly hinder biofilm formation or
reduce the quantity of later colonizing species. We used
quantitative real-time PCR (qPCR) and confocal laser scanning
microscopy (CLSM) following fluorescence in situ hybridisation
(FISH) to compare the quantitative distribution of the bacteria
and the three dimensional structure of biofilms originating from
inocula either without early colonizing species or with early
colonizers added at a later time point.

qPCR
The conditions and primers used for the qPCR were the
same as described before [16]; with the only difference that a
five times higher concentration of DNA per reaction was used
for the qPCR to ensure no strains falling below the detection
limit. Three discs per experiment and approach were
processed for qPCR quantification.
Biofilms were removed from the hydroxyapatite discs by
vortexing in 0.9 % NaCl, followed by low-power sonication to
better disperse the cells. From the obtained bacterial mixtures,
DNA was extracted using the GenElute Bacterial Genomic
DNA Kit (Sigma). The extraction was performed according to
the manufacturer’s guidelines, however, with the incubation
times for the two lysis steps doubled. The amount of extracted
DNA from biofilms (as well as the DNA concentration for the
standard curves) was determined using a NanoDrop ND-1000
device (Thermo-Fisher Scientific).
Ten pairs of specific primers, one for each species, were
used for the qPCR. Reactions were run in doubles and with two
dilutions (5 ng and 0.5 ng total DNA per reaction) for each
species and sample. The amount of DNA for each species was
calculated using C q vs. log (DNA [ng]) standard curves, and the
actual cell numbers were calculated based on the theoretical
genome weight of each organism and the amount of DNA
determined by the qPCR.

Materials and Methods
Biofilm cultivation
Ten bacterial strains were used for the cultivation of the
model biofilms: Streptococcus oralis SK248 (OMZ 607),
Streptococcus anginosus ATCC 9895 (OMZ 871), Actinomyces
oris (OMZ 745), Fusobacterium nucleatum subsp.
nucleatumOMZ 598, Veillonella dispar ATCC 17748T (OMZ
493), Campylobacter rectus OMZ 698, Prevotella intermedia
ATCC 25611T (OMZ 278), Porphyromonas gingivalis ATCC
33277T (OMZ 925), Tannerella forsythia OMZ 1047, and
Treponema denticola ATCC 35405T (OMZ 661).
Four different biofilm types were cultured from four different
inocula (in the following also designated as four different
approaches). The cultivation of the biofilms followed the
methodology described before [12], with the exception of the
changes described in the following. In short, all strains were
precultured in adequate liquid media to reach late exponential
growth prior to adjusting the optical density at 550 nm to 1.0 for
all strains except T. denticola and C. rectus, which were set to
an optical density of 0.5. Before the inoculation, the sintered
hydroxy apatite discs were allowed to acquire a salivary
pellicle. The discs were placed in 24-well plates (one per well)
and covered with 800 µl of saliva, diluted 1:2 with a mixture of
0.9 % NaCl and distilled water and incubated for 4 h on a rotary
shaker at 90 RPM. Then the discs were placed in fresh in 24well plates (one per well), covered with 1.5 ml of biofilm growth
medium and inoculated with 200 μl of inoculum mixture. The
growth medium was composed of 50 % heat inactivated horse
serum and 50 % of modified fluid universal medium (“mFUM”;
[13]). To promote growth of T. forsythia, N-acetylmuramic acid
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FISH
The 16S rRNA probes and the general working procedure for
the FISH staining were the same as described before [12],
however, the incubation time for the hybridisation of the probes
was extended from 3 h to overnight. In two experiments, five
intact biofilms per approach were processed for FISH staining
and subsequently analysed by CLSM.
Following the last dip-washing, mature 64.5 h biofilms were
fixed in situ attached to the hydroxyapatite discs in 4 %
paraformaldehyde solution for at least 3 h in the dark at 4 °C.
After 15 min of pre-hybridisation in hybridisation buffer alone,
the biofilms were transferred to the hybridisation buffer
containing a selected mixture of two 16S rRNA probes. Thus,
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nucleatum showed significantly improved growth following the
late addition of the streptococci, in comparison to the approach
with the complete absence of streptococci. However, both
these values did not reach significance if compared to the
control 10-species biofilms.

each biofilm was stained specifically for two species, using one
Cy3 and one Cy5 labelled probe. After overnight incubation,
biofilms were washed in washing buffer and counterstained
using a combination of the DNA stains SYTOX Green
(Invitrogen) and Yo-Pro-1 iodide (Invitrogen). After the staining
procedure, biofilms were embedded upside down on chamber
slides in MOWIOL [17].

Structure
In the presence of streptococci the biofilms were compact
with only minimal intercellular spaces and a dense, but defined
distribution of the bacteria was apparent (Figure 3). This
included the formation of tight bacterial clusters within the
biofilms, by several of the involved species, such as P.
intermedia and T. forsythia, as shown in Figure 4. In the
absence of streptococci, however, the structure loosened and
resulted in a spatially more uniform distribution of all bacteria.
In particular, the growth of F. nucleatum (Figure 5), as well as
P. intermedia (Figure 6) in the biofilms appeared much more
dispersed than in the control biofilms. Moreover, the absence
of streptococci also affected the structural pattern of T.
forsythia within the biofilms (Figure 6). Remarkably enough, P.
intermedia showed very distinct morphological changes in the
absence of streptococci. In biofilms cultivated without
streptococci, P. intermedia bacterial cells were arranged in long
chains that morphologically resembled streptococci (Figure 6),
while in control biofilms P. intermedia cells were recognized as
cocci or short rods (Figure 4). Accordingly, a similar
morphology was observed also in biofilms in which the
inoculum lacked not only the two streptococci, but also A. oris.
Hence, the overall the structure of these A. oris-free biofilms
resembled the one of streptococci-free biofilms, although they
did appear more compact (Figure 7).

CLSM and Image Analysis
All images from FISH stained biofilms were taken at a Leica
SP-5 CLSM provided by the Center of Microscopy and Image
Analysis of the University of Zürich (ZMB). Images were
recorded on three channels simultaneously at the frequency of
8000 Hz using the resonant scanner available with the system.
Biofilms were carefully screened to determine if biofilms a)
were intact, b) had similar thickness throughout the whole disc
area, and c) showed a repetitive distribution pattern of the
stained bacteria. If these criteria were met, a representative
area was selected and a stacked image was recorded.
Stacked images were further processed using Imaris 7.4.0
(Bitplane). Snapshots presented in this paper were additionally
sharpened using the GIMP version 2.6 (http://www.gimp.org).

Statistics
The presented data are from three independent experiments.
For quantification, biofilms from each approach (i.e. each
inoculum) were cultivated in triplicates, resulting in N=9 biofilms
per approach.
For the generation of the box-plots and the statistical
calculations, SPSS Statistics 20 (IBM Software) was used. To
test for significant differences between cell numbers detected
with the different approaches the data were logarithmically
transformed prior to the analysis by one-way ANOVA, with the
Bonferroni correction for multiple comparisons.

Discussion
To initiate a biofilm, bacteria require the ability to attach to a
substratum. In the first instance, they attach on the tooth
surface, which is coated by a pellicle layer that consists of
several salivary glycoproteins [10]. On one hand, the
exopolysaccharide matrix plays a crucial role in terms of
physical attachment to a biotic or abiotic surface [18]; on the
other hand bacteria can adhere via specific receptor
interactions. Regarding the attachment strictly from this point of
view, streptococci, A. oris, and F. nucleatum are key biofilm
initiators due to their ability to bind directly to the salivary
pellicle [10]. Indeed, it has been known since the 1960s that
the transition from a healthy flora towards a pathogenic one is
mediated by a progression from the early colonizing cocci and
short rods to the additional colonisation of fusiform bacteria,
finally leading to a dominant incorporation of spirochaetes into
the biofilms [5]. However, while receptor binding certainly is
crucial in terms of sequential colonisation, biofilm development
is also influenced by multiple environmental factors. On one
hand, various host-derived factors like pH, salivary IgA titres,
the innate immune response to the bacteria, hormone levels,
and also the diet will have a significant impact on the
composition of the oral microflora [19]. On the other hand,
interactions between the biofilm bacteria themselves play a
crucial role in shaping the environmental properties. Many of

Results
Quantification
The numbers of the individual bacterial species in each
biofilm group were firstly determined. Irrespective of the
inoculum the 64.5 h biofilms did not show significant
differences in total counts (Figure S1). However, with regard to
the abundances of the individual species, significant inoculumdependent shifts within the bacterial community were observed
concerning four out of the 10 species used in the biofilm model
(Figure 1). For better visualisation, Figure 2 summarises the
changes in abundances for all species that reached a level
greater than 2-fold in comparison to control biofilms. In
particular, the addition of the streptococci to the consortium
after 16.5 h produced significantly higher cell numbers of A.
oris and P. intermedia, while P. gingivalis counts were
significantly reduced. The omission of streptococci led to a
significant increase of the abundance of A. oris, while it
significantly decreased that of P. gingivalis. Removing S. oralis,
S. anginosus, and A. oris from the inoculum resulted in a
significant increase of P. intermedia counts together with a
significant decrease of P. gingivalis counts. Further, F.
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Figure 1. Species-specific cell numbers in the biofilms after 64.5 h of incubation. The boxes show data from three
independent experiments, each performed with triplicate biofilms. The different colours indicate the type of inoculum. Control: All ten
species. LateStr: Inoculation without streptococci, addition of streptococci after 16.5 h. NoStr: No streptococci. NoStrNoAori: No
streptococci, no A. oris. The boxes represent the inter-quartile range of the data points, the bar indicates the median. The whiskers
cover the data points within the 1.5x inter quartile range. * indicates a significant difference (p ≤ 0.05) between the indicated box and
the control, or between the boxes indicated by brackets.
doi: 10.1371/journal.pone.0083090.g001

the species colonizing the oral biofilms at a later stage are strict
anaerobes, and oxygen-depleting species, such as F.
nucleatum. These have been shown to play an important role
in providing a suitable environment for the late colonizers [20].
The present model system simulates the subgingival
conditions only at a nutritional level with serum as the only
source of host factors and does not take under consideration
any cellular or molecular element of the host immune system.
Moreover, it may not directly mirror the in vivo conditions in a
periodontal pocket with regards to the established gradients for
pH, redox potential and host-derived antimicrobial factors.
However, despite these technical limitations, the present model
is one of the most advanced in vitro bofilm models currently
available. The use of ten species representative of subgingival
plaque provides a complex biofilm setup that allows
observations on shifts in the microbial community. In this study,
we analysed the consequences on the composition of this in
vitro biofilm model, once the streptococci (S. oralis, S.
anginosus) alone, or in combination with A. oris were omitted.
These organisms have long been known as early colonizers in
oral biofilms in vivo and their role as such was defined both in
vivo [9,21] and in vitro [22]. With regard to the aforementioned
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prime role of these early colonizers in vivo, we expected very
little biofilm formation if they were to be omitted from the
inoculums, or alternatively, that these biofilms would be
inefficiently attached onto the hydroxyapatite discs. In contrast
to these expectations, these biofilms developed successfully,
reaching similar total counts as biofilms cultivated with
streptococci and A. oris. They reached a similar thickness and
physical resilience in terms of not detaching during the FISH
staining procedure, which features plenty of shear-forces. We
attribute this finding, at least in part, to the strikingly different
morphology and abundance of P. intermedia, which appears to
majorly contribute to the general structure of these biofilms.
Nevertheless, lack of Streptococci and A. oris also led to a
looser structure and more uniform distribution of the remaining
bacteria. Hence, the early colonizers may function in keeping
the proximity between all the species within the biofilm.
On the basis of the co-adhesion and adherence capabilities
of oral bacteria, as they were defined in vitro [10], F. nucleatum
may be considered the principal organism, other than A. oris
and the streptococci, capable of direct attachment to the
salivary pellicle. Thus, one could hypothesize that it is playing
an important role in the initiation of our biofilms. In fact, in an
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Figure 2. Individual inoculation specific shifts in abundances of the species in comparison to control biofilms inoculated
with all ten species after 64.5 h of incubation. The calculation is based on the average values of each species and inoculum
type (N=9). Control: All ten species. LateStr: Inoculation without streptococci, addition of streptococci after 16.5 h. NoStr: No
streptococci. NoStrNoAori: No streptococci, no A. oris.
doi: 10.1371/journal.pone.0083090.g002

earlier study [12], we found that the concentration of serum
used in the growth medium leads to completely different
attachment patterns in the early stages of biofilm formation.
Without serum in the growth medium, streptococci were the
dominant organisms attached to the substratum after 4 h of
biofilm formation. However at high concentration of human
serum, biofilm formation was delayed and almost no cocci
could be detected, as they had been replaced mainly by rods,
in all likelihood by F. nucleatum [12].
A key finding of this study was that P. gingivalis was
significantly reduced in biofilms cultivated in the absence of
streptococci alone, or in combination with A. oris. As the lack of
the early colonizing species did not impede biofilm formation in
terms of total counts, several factors might have led to this
finding. On one hand, streptococci could have played a vital
role in facilitating the establishment of P. gingivalis, for example
by the depletion of environmental oxidants [3]. On the other
hand, the strong growth of P. intermedia could have hindered
the development of P. gingivalis, possibly by competition for
essential nutrients, such as iron, or by some other antagonistic
effects. Iron competition as a cause for the reduced abundance

PLOS ONE | www.plosone.org

of P. gingivalis seems a rather unlikely explanation, since P.
gingivalis was shown to have a 10-fold higher specific affinity to
bind haemin in comparison to P. intermedia [23]. However, it is
striking that the late addition of streptococci led to an even
more pronounced increase of P. intermedia compared to the
inoculation without streptococci. On the other hand, P.
gingivalis suffered only a 6.8-fold reduction as a consequence
of the late addition of streptococci but declined 20-fold in total
absence of streptococci. Thus it seems that, under the
conditions of the present experimental model system, the two
streptococci are a key factor in facilitating the incorporation of
P. gingivalis into the subgingival biofilm community.
Another significant finding was the increased growth of A.
oris in the absence, or after the late addition of streptococci.
Earlier experiments had shown that this effect was even more
pronounced when the biofilms were grown in serum-free
medium. Under these conditions the A. oris cell numbers
increased by 19-fold in following the addition of the streptococci
after 16.5 h of biofilm development (data not shown). These
findings partially contrast with a study by Palmer et al. [24] who
reported a synergy between A. oris and S. oralis in terms of
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Figure 3. Structure of a control 10-species biofilm after 64.5 h of incubation. Yellow / red: F. nucleatum, cyan: streptococci,
green: non-hybridized cells (DNA-staining Yo-Pro-1 + Sytox Green). The yellow colour of F. nucleatum is due to the cross-staining
of the Fnuc133c-Cy3 probe (red) and the universal DNA stains (green).
doi: 10.1371/journal.pone.0083090.g003

biofilm formation, and suggested a metabolic cooperation
between these two organisms. However, these authors had
used saliva as the sole nutrient and the biofilms consisted of no
more than two organisms. In our 10-species model system, a
metabolic synergy between A. oris and streptococci seems
unlikely, as A. oris profited from the late addition and, even
more pronounced, from the total absence of streptococci. A

PLOS ONE | www.plosone.org

possible explanation could be competition of A. oris and
streptococci for binding sites on the salivary pellicle. Both these
organisms are known to express the capability of binding
protein components on the pellicle [10]. However, in our
biofilms the streptococci seemed to outcompete A. oris,
potentially due to a higher wash-out of this organism during
dip-washes. This interpretation is also supported by the finding
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Figure 4. Structure of a control 10-species biofilm after 64.5 h of incubation. Yellow / red: P. intermedia, cyan: T. forsythia,
green: non-hybridized cells (DNA-staining Yo-Pro-1 + Sytox Green). The yellow colour of P. intermedia is due to the cross-staining
of the L-Pint649-2-Cy3 probe (red) and the universal DNA stains (green).
doi: 10.1371/journal.pone.0083090.g004

that with serum-free growth medium, which does not contain
any factors capable of inhibiting receptor-mediated adherence
to the pellicle, the gain of the streptococci over A. oris was
most pronounced [12].
While these results are important for the understanding of
the basic mechanisms operating in the formation of complex
bacterial biofilms, it must be taken into account that the in vivo

PLOS ONE | www.plosone.org

situation inevitably differs to a large extent from any
experimental conditions in vitro. Nevertheless, the complex
environment created with our biofilm model system might
contribute substantially to the critical knowledge on the
formation of subgingival biofilms. Apart from the evaluation of
features like the complex metabolic interplay among the
individual species of the biofilm, as is the case in the present
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Figure 5. Structure of an 8-species biofilm inoculated without streptococci after 64.5 h of incubation. Yellow / red: F.
nucleatum, green: non-hybridized cells (DNA-staining Yo-Pro-1 + Sytox Green). The yellow colour of F. nucleatum is due to the
cross-staining of the Fnuc133c-Cy3 probe (red) and the universal DNA stains (green).
doi: 10.1371/journal.pone.0083090.g005

study, this model is used for studying the pro-inflammatory
action [25-27] or the antimicrobial susceptibility [28-30].

with these in vivo early colonizers. Interestingly, the physical
resilience of the biofilms without the early colonizers was the
same as well. Nevertheless, the absence of early colonizers
led to a significant increase in P. intermedia cell numbers,
along with a significant decrease of P. gingivalis. This effect is
more likely caused by a synergy between streptococci and P.
gingivalis, than by a nutritional competition between P.

Conclusions
Biofilms inoculated without S. oralis, S. anginosus, and A.
oris developed the same total counts as biofilms inoculated

PLOS ONE | www.plosone.org
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Figure 6. Structure of an 8-species biofilm inoculated without streptococci after 64.5 h of incubation. Yellow / red: P.
intermedia, cyan: T. forsythia, green: non-hybridized cells (DNA-staining Yo-Pro-1 + Sytox Green). The yellow colour of P.
intermedia is due to the cross-staining of the L-Pint649-2-Cy3 probe (red) and the universal DNA stains (green).
doi: 10.1371/journal.pone.0083090.g006

intermedia and P. gingivalis. Hence, streptococci might
possibly facilitate the establishment of P. gingivalis into
subgingival biofilms. Without early colonizers being inoculated
the biofilm structure appeared looser and P. intermedia

PLOS ONE | www.plosone.org

became the most dominant species in the biofilms, appearing
in the form of long chains of cocci that morphologically
resembled the absent streptococci.

9

December 2013 | Volume 8 | Issue 12 | e83090

Impact of Early Colonizers on Biofilm Formation

Figure 7. Structure of a 7-species biofilm inoculated without Streptococci and without A. oris after 64.5 h of
incubation. Yellow / red: P. intermedia, cyan: T. forsythia, green: non-hybridized cells (DNA-staining Yo-Pro-1 + Sytox Green). The
yellow colour of P. intermedia is due to the cross-staining of the L-Pint649-2-Cy3 probe (red) and the universal DNA stains (green).
doi: 10.1371/journal.pone.0083090.g007
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Supporting Information

thank the Centre of Microscopy and Image Analysis (ZMB) of
the University of Zürich for their support with confocal
microscopy.

Figure S1. Total counts of bacteria in the biofilms after
64.5 h of incubation. The boxes represent data from three
independent experiments, each performed with triplicate
biofilms. Control: All ten species. LateStr: Inoculation without
streptococci, addition of streptococci after 16.5 h. NoStr: No
streptococci. NoStrNoAori: No streptococci, no A. oris. No
statistically significant differences were detected.
(TIF)

Author Contributions
Conceived and designed the experiments: TA GNB TT.
Performed the experiments: TA. Analyzed the data: TA.
Contributed reagents/materials/analysis tools: TA TT. Wrote
the manuscript: TA TT.

Acknowledgements
We thank André Meier and Ruth Graf for excellent technical
assistance and Rudolf Gmür for his valuable comments. We

References
1. Eke PI, Dye BA, Wei L, Thornton-Evans GO, Genco RJ (2012)
Prevalence of periodontitis in adults in the United States: 2009 and
2010. J Dent Res 91: 914-920. doi:10.1177/0022034512457373.
PubMed: 22935673.
2. Brown LJ, Johns BA, Wall TP (2002) The economics of periodontal
diseases.
Periodontol
2000
29:
223-234.
doi:10.1034/j.
1600-0757.2002.290111.x. PubMed: 12102710.
3. Jenkinson HF (2011) Beyond the oral microbiome. Environ Microbiol
13: 3077-3087. doi:10.1111/j.1462-2920.2011.02573.x. PubMed:
21906224.
4. Paster BJ, Olsen I, Aas JA, Dewhirst FE (2006) The breadth of
bacterial diversity in the human periodontal pocket and other oral sites.
Periodontol 2000 42: 80-87. doi:10.1111/j.1600-0757.2006.00174.x.
PubMed: 16930307.
5. Loe H, Theilade E, Jensen SB (1965) Experimental Gingivitis in Man. J
Periodontol 36: 177-187. doi:10.1902/jop.1965.36.3.177. PubMed:
14296927.
6. Socransky SS, Haffajee AD, Cugini MA, Smith C, Kent RLJ (1998)
Microbial complexes in subgingival plaque. J Clin Periodontol 25:
134-144. doi:10.1111/j.1600-051X.1998.tb02419.x. PubMed: 9495612.
7. Tanner A, Maiden MF, Macuch PJ, Murray LL, Kent RLJ (1998)
Microbiota of health, gingivitis, and initial periodontitis. J Clin
Periodontol 25: 85-98. doi:10.1111/j.1600-051X.1998.tb02414.x.
PubMed: 9495607.
8. Aas JA, Paster BJ, Stokes LN, Olsen I, Dewhirst FE (2005) Defining
the normal bacterial flora of the oral cavity. J Clin Microbiol 43:
5721-5732.
doi:10.1128/JCM.43.11.5721-5732.2005.
PubMed:
16272510.
9. Zijnge V, van Leeuwen MB, Degener JE, Abbas F, Thurnheer T et al.
(2010) Oral biofilm architecture on natural teeth. PLOS ONE 5: e9321.
doi:10.1371/journal.pone.0009321. PubMed: 20195365.
10. Kolenbrander PE, Palmer RJJ, Periasamy S, Jakubovics NS (2010)
Oral multispecies biofilm development and the key role of cell-cell
distance. Nat Rev Microbiol 8: 471-480. doi:10.1038/nrmicro2381.
PubMed: 20514044.
11. Hajishengallis G, Lamont RJ (2012) Beyond the red complex and into
more complexity: the polymicrobial synergy and dysbiosis (PSD) model
of periodontal disease etiology. Mol Oral Microbiol 27: 409-419. doi:
10.1111/j.2041-1014.2012.00663.x. PubMed: 23134607.
12. Ammann TW, Gmür R, Thurnheer T (2012) Advancement of the 10species subgingival Zurich Biofilm model by examining different
nutritional conditions and defining the structure of the in vitro biofilms.
BMC Microbiol 12: 227. doi:10.1186/1471-2180-12-227. PubMed:
23040057.
13. Guggenheim B, Giertsen E, Schüpbach P, Shapiro S (2001) Validation
of an in vitro biofilm model of supragingival plaque. J Dent Res 80:
363-370. doi:10.1177/00220345010800011201. PubMed: 11269730.
14. Wyss C (1989) Dependence of proliferation of Bacteroides forsythus on
exogenous N-acetylmuramic acid. Infect Immun 57: 1757-1759.
PubMed: 2722237.
15. Milner P, Batten JE, Curtis MA (1996) Development of a simple
chemically defined medium for Porphyromonas gingivalis: requirement
for alpha-ketoglutarate. FEMS Microbiol Lett 140: 125-130. doi:
10.1016/0378-1097(96)00159-0. PubMed: 8764473.

PLOS ONE | www.plosone.org

16. Ammann TW, Bostanci N, Belibasakis GN, Thurnheer T (2012)
Validation of a quantitative real-time PCR assay and comparison with
fluorescence microscopy and selective agar plate counting for speciesspecific quantification of an in vitro subgingival biofilm model. J
Periodontal Res.
17. Guggenheim M, Shapiro S, Gmür R, Guggenheim B (2001) Spatial
arrangements and associative behavior of species in an in vitro oral
biofilm model. Appl Environ Microbiol 67: 1343-1350. doi:10.1128/AEM.
67.3.1343-1350.2001. PubMed: 11229930.
18. Flemming HC, Wingender J (2010) The biofilm matrix. Nat Rev
Microbiol 8: 623-633. PubMed: 20676145.
19. Marsh PD, Percival RS (2006) The oral microflora - friend or foe? Can
we decide? Int Dent J 56: 233-239. PubMed: 16972398.
20. Bradshaw DJ, Marsh PD, Watson GK, Allison C (1998) Role of
Fusobacterium nucleatum and coaggregation in anaerobe survival in
planktonic and biofilm oral microbial communities during aeration. Infect
Immun 66: 4729-4732. PubMed: 9746571.
21. Al-Ahmad A, Wunder A, Auschill TM, Follo M, Braun G et al. (2007)
The in vivo dynamics of Streptococcus spp., Actinomyces naeslundii,
Fusobacterium nucleatum and Veillonella spp. in dental plaque biofilm
as analysed by five-colour multiplex fluorescence in situ hybridization. J
Med Microbiol 56: 681-687. doi:10.1099/jmm.0.47094-0. PubMed:
17446294.
22. Dige I, Raarup MK, Nyengaard JR, Kilian M, Nyvad B (2009)
Actinomyces naeslundii in initial dental biofilm formation. Microbiology
155: 2116-2126. doi:10.1099/mic.0.027706-0. PubMed: 19406899.
23. Tompkins GR, Wood DP, Birchmeier KR (1997) Detection and
comparison of specific hemin binding by Porphyromonas gingivalis and
Prevotella intermedia. J Bacteriol 179: 620-626. PubMed: 9006012.
24. Palmer RJJ, Kazmerzak K, Hansen MC, Kolenbrander PE (2001)
Mutualism versus independence: strategies of mixed-species oral
biofilms in vitro using saliva as the sole nutrient source. Infect Immun
69: 5794-5804. doi:10.1128/IAI.69.9.5794-5804.2001. PubMed:
11500457.
25. Guggenheim B, Gmür R, Galicia JC, Stathopoulou PG, Benakanakere
MR et al. (2009) In vitro modeling of host-parasite interactions: the
‘subgingival’ biofilm challenge of primary human epithelial cells. BMC
Microbiol 9: 280. doi:10.1186/1471-2180-9-280. PubMed: 20043840.
26. Belibasakis GN, Meier A, Guggenheim B, Bostanci N (2011) Oral
biofilm challenge regulates the RANKL-OPG system in periodontal
ligament and dental pulp cells. Microb Pathog 50: 6-11. doi:10.1016/
j.micpath.2010.11.002. PubMed: 21075196.
27. Belibasakis GN, Guggenheim B, Bostanci N (2013) Down-regulation of
NLRP3 inflammasome in gingival fibroblasts by subgingival biofilms:
involvement of Porphyromonas gingivalis. Innate Immun 19: 3-9. doi:
10.1177/1753425912444767. PubMed: 22522430.
28. Shapiro S, Giertsen E, Guggenheim B (2002) An in vitro oral biofilm
model for comparing the efficacy of antimicrobial mouthrinses. Caries
Res 36: 93-100. doi:10.1159/000057866. PubMed: 12037365.
29. Belibasakis GN, Thurnheer T (2013) Validation of Antibiotic Efficacy on
in Vitro Subgingival Biofilms. J Periodontol. doi:10.1902/jop.
2013.130167. PubMed: 23659420.

11

December 2013 | Volume 8 | Issue 12 | e83090

Impact of Early Colonizers on Biofilm Formation

30. Sahrmann P, Zehnder M, Mohn D, Meier A, Imfeld T et al. (2012) Effect
of Low Direct Current on Anaerobic Multispecies Biofilm Adhering to a
Titanium Implant Surface. Clin Implant Dent Relat Res.

PLOS ONE | www.plosone.org

12

December 2013 | Volume 8 | Issue 12 | e83090

