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Abstract

Background: Caries and periodontitis are important human diseases associated with formation of multi-species biofilms.
The involved bacteria are intensively studied to understand the molecular basis of the interactions in such biofilms. This
study established a basic in vitro single and mixed-species culture model for oral bacteria combining three complimentary
methods. The setup allows a rapid screening for effects in the mutual species interaction. Furthermore, it is easy to handle,
inexpensive, and reproducible.

Methods: Streptococcus mitis, S. salivarius and S. sanguinis, typical inhabitants of the healthy oral cavity, S. mutans as main
carriogenic species, and Porphyromonas gingivalis, Fusobacterium nucleatum, Parvimonas micra, S. intermedius and
Aggregatibacter actinomycetemcomitans as periodontitis-associated bacteria, were investigated for their biofilm forming
ability. Different liquid growth media were evaluated. Safranin-staining allowed monitoring of biofilm formation under the
chosen conditions. Viable counts and microscopy permitted investigation of biofilm behavior in mixed-species and
transwell setups.

Findings: S. mitis, F. nucleatum, P. gingivalis and P. micra failed to form biofilm structures. S. mutans, S. sanguinis, S.
intermedius and S. salivarius established abundant biofilm masses in CDM/sucrose. A. actinomycetemcomitans formed patchy
monolayers. For in depth analysis S. mitis, S. mutans and A. actinomycetemcomitans were chosen, because i) they are
representatives of the physiological-, cariogenic and periodontitis-associated bacterial flora, respectively and ii) their
difference in their biofilm forming ability. Microscopic analysis confirmed the results of safranin staining. Investigation of
two species combinations of S. mitis with either S. mutans or A. actinomycetemcomitans revealed bacterial interactions
influencing biofilm mass, biofilm structure and cell viability.

Conclusions: This setup shows safranin staining, microscopic analysis and viable counts together are crucial for basic
examination and evaluation of biofilms. Our experiment generated meaningful results, exemplified by the noted S. mitis
influence, and allows a fast decision about the most important bacterial interactions which should be investigated in depth.
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Introduction

Caries and Periodontitis are extremely frequent human diseases

with high socioeconomic impact. They are associated with several

potentially severe complications due to bacterial invasion of neigh-

bouring anatomical structures or haematogenous spreading and

purulent infections at distant sites. If not managed by appropriate

therapies, both diseases are chronically progressive. Their pathogenesis

is explained by a locally disturbed microecology within the bacterial

biofilms covering the surfaces of the teeth and the subgingival sulci.

Bacterial biofilms are able to form and spread on the surfaces of

the teeth in healthy oral cavities. Such biofilms display typical

structural features such as i) a chemically conditioned support, ii)

pioneer bacteria firmly adhering to the support’s surface, iii)

microcolony formation and production of macromolecular

extracellular substances, iv) attachment of secondary colonizer

binding to the growing biofilm, v) a predefined maximum

thickness due to a balance between biofilm production and

detachment (i.e. maturation) processes. These biofilms may

contain up to several hundred bacterial species. These bacterial

consortia are inconsistent between individual sites in one oral

cavity and even more between diverse oral cavities [1–4].

Because of the extensive species variation between human

individuals the concept of specific indicator bacteria for physio-
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logical and pathological biofilms in oral cavities is currently

modified [5–9]. However, it is generally accepted that the cell

number of the involved bacteria changes in a species-dependent

manner during disease development. Simultaneously, individually

differing species disappear below detection level while new species

are temporally or constantly detectable during disease develop-

ment [10,11].

The involvement of many species and their constant qualitative

and quantitative variations makes it extremely complicated to

setup in vitro biofilms that truly reflect the natural situation.

However, establishing of in vitro biofilms is still necessary to

investigate substances suitable for the suppression of caries or

periodontitis.

While the epidemiology of the microflora in healthy and

diseased oral cavities has greatly been promoted by the

introduction of advanced microscopic and molecular techniques,

in vitro experiments have to rely on classical culture methods. It is

currently impossible to grow representative in vitro multi-species

biofilms resembling those encountered during caries or periodon-

titis. However, mixing a few important species to mimic biofilms

encountered during complete health, transition to disease,

developing disease, and finally, in deep lesions appears to be

feasible. Such studies were performed in many laboratories

[e.g. 12–20]. Depending on the scientific question in these

laboratories different experimental setups were developed. Dispa-

rate setups and methods predominantly comprised 1) the species

used in the studies, 2) the incubation conditions (static or flow,

aerobic or anaerobic), which are very important and should mimic

the environmental and physical parameters of the in vivo biofilm

niche, 3) the documentation of biofilm formation, biofilm mass

and biofilm maturation, and 4) the quantification of the individual

species contained in the biofilms. Thus, a setup which could be

used in many labs and which proves useful for many different

scientific questions would be beneficial to basically investigate and

understand biofilm formation and bacterial interaction in biofilm

structures.

In the present study, we intended to set up conditions for the

investigation of bacterial biofilm formation and combined three

complimentary methods (cfu, safranine staining, microscopy) as a

basis for multi-species culture investigation. We used Streptococcus

mitis, S. salivarius, S. mutans, S. sanguinis, S. intermedius, Aggregatibacter

actinomycetemcomitans, Porphyromonas gingivalis, Fusobacterium nucleatum

and Parvimonas micra as bacteria associated with a healthy oral

cavity, caries, and periodontitis, respectively. Based on the

experimental protocols used in this study, we could demonstrate

in mixed species assays as well as in assays employing separating

filter membranes between the partners, increased or decreased

contribution of single species to biofilm formation and effects on

viability exclusively in one co-incubation partner.

Results

Evaluation of basic parameters of biofilm formation
Investigation of biofilm structures and bacterial interaction

required establishment of reliable biofilm setup protocols. For this

purpose, different culture media were tested in a static biofilm

setup to evaluate the best conditions for in vitro simulation of

biofilm generation. It is assumed that not much liquid exchange

occurs during periodontitis in vivo, thus static conditions best mimic

this situation and also allow the action of potential signalling

molecules in mixed species cultures. Six different media were

examined for their effect on mono-species biofilm formation for a

time period up to five days. Safranin staining was employed as an

easy read-out approach. This method is used for the determination

of biofilm mass, comprising bacterial cells and extrapolymeric

substances. Typically, an OD492 nm with a value of more than

0.05 is required to indicate biofilm formation. Lower values are

mostly caused by scattered bacteria in monolayers (data not

shown). For comparison, also the growth curves of planktonic cells

were recorded for each culture medium. The table S1 summarizes

the results for all bacteria analyzed. However, the present study

will only focus on the detailed results of S. mitis, S. mutans and A.

actinomycetemcomitans as representatives of the physiological, cario-

genic and periodontitis-associated oral microflora, respectively.

Monitoring the S. mitis, S. mutans and A. actinomycetemcomitans

mono-species cultures for biofilm mass over a period of five days

showed that biofilm formation of S. mutans occurred within the first

24 hours of incubation time in CDM without glucose (chemically

defined medium; for details of composition please refer to

reference 54), CDM supplemented with 50 mM glucose (CDM/

glc) or sucrose (CDM/suc). The highest amounts of biofilm cell

mass was formed in CDM/sucrose. The biofilm mass reached at

this time point remained stable during the residual observation

period. For A. actinomycetemcomitans, scattered patches of monolay-

ers appeared after one day of incubation in CDM/glucose or

CDM/sucrose. No multi-layered structures were observed in any

tested medium. S. mitis bacteria failed to establish biofilms in all

tested media (figure 1).

Growth curves in CDM/sucrose revealed that S. mitis and S.

mutans increased in their optical density. A parallel decrease in the

medium pH within 24 hours was noted (7.7 to 4.77 and 5.8,

respectively). Planktonic A. actinomycetemcomitans did not grow in this

medium (figure S1). Nevertheless, determination of cfu/ml showed

constant numbers of viable cells and a slight decrease of medium

pH (7.7 to 7.47 within 24 h).

Next to the determination of biofilm mass and planktonic

growth, viable cell counts and fluorescence microscopy were

performed on the samples as outlined in the Materials/Methods

section. In CDM/sucrose, the number of surface-adherent viable

cells as measured by colony forming units per ml suspension (cfu/

ml) decreased after day one of investigation for all three bacterial

species. However, viable S. mutans and A. actinomycetemcomitans cells

were retrievable at day five of incubation (table S2).

Thus, as the only medium supporting growth or at least viability

of all three species while simultaneously allowing monolayer/

biofilm growth for at least two species, CDM/sucrose was used for

all subsequent experiments.

In this medium, biofilm formation of single bacterial species was

also tested in fibronectin-coated wells. Although the biofilm mass

was slightly different compared to uncoated plastic supports, all

three species behaved similar concerning their biofilm forming

ability or formation of monolayers, respectively (figure S2).

Subsequently, the experiments were performed using uncoated

supports.

Biofilm behavior of two-species cultures
To approach the natural situation and to obtain information

about the species interactions, in the next step we employed co-

cultivation of S. mitis with S. mutans and/or A. actinomycetemcomitans.

Safranin-assays revealed that the co-cultivation of S. mutans with

S. mitis resulted in an increase of total biofilm mass compared to

the S. mutans mono-species cultures (figure 2 A). Confocal laser

scanning microscopy after live/dead-stain confirmed that S. mitis

failed to form biofilms. In the two-species setting with S. mutans the

integration of S. mitis within the biofilm structures was noted.

Scanning electron microscopy confirmed this result (figure 2 B–F).

Here, S. mitis chains could be found on and between the typical

extracellular matrix structures synthesized by S. mutans (figure 2 E,

Mixed-Species Biofilms
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grey arrow S. mutans extracellular matrix structure, white arrow S.

mitis chain). Of note, within these mixed communities no colony

forming units of S. mitis were detectable, whereas S. mutans

numbers and viability were unchanged compared to single species

settings (table S2). While incubating the two species, the culture

fluid acidity reached pH 4.96 after 24 hours and decreased to

pH 4.52 after 5 days.

Combining S. mitis with A. actinomycetemcomitans resulted in

safranin-stain values that were lower compared to the mono-

species culture of A. actinomycetemcomitans (figure 3 A). Concomi-

tantly, viable cell counts decreased for both S. mitis and A.

actinomycetemcomitans as compared to single species incubations

under the chosen conditions (table S2). Furthermore, the culture

fluid pH reached values around 4.55 at day 1, which were lower

than those of S. mitis and A. actinomycetemcomitans mono-species

cultures (pH 4.77 and 7.47, respectively, day 1).

SEM and fluorescence microscopy revealed that the surface of

the wells was mainly covered by A. actinomycetemcomitans cells with

few S. mitis cells on top of their partner cells. Finally, as determined

by live/dead stain and viable counts, cells of A. actinomycetemcomitans

died faster in the presence of S. mitis compared to mono-species

cultures (figure 3 B and C, and table S2, respectively).

Successive seeding strategy
The results from simultaneously seeded two-species cultures

indicated the presence of bacterial interaction mechanisms. The

aim of the next set of experiments was to evaluate the influence of

timing of bacterial adherence on biofilm formation. Thus, we next

employed a successive seeding strategy.

The data obtained from the safranin-assays showed that

inoculation of S. mutans on top of S. mitis lead to biofilm formation

(figure 4 A). However, biofilm mass was not as abundant as for the

S. mutans mono-species culture (compare figure 2 A). In the reverse

setup, when S. mutans was used as the primary colonizer, the results

showed a decrease of biofilm mass compared to the S. mutans

mono-species culture as well as after seeding with CDM/sucrose

as control (S. mutans + CS, d2 and d3; figure 4 B). Nevertheless, in

both cases the number of S. mutans colony forming units did not

differ from those of simultaneously seeded cultures (table S3). For

S. mitis no colony forming units were detectable in such successive

seeding combinations.

In order to visually complement the results from the S. mitis/S.

mutans successive seeding assays we performed scanning electron

microscopy (SEM). As shown in figure 5 A–D, SEM pictures were

consistent with the data obtained from safranin-stain. The

inoculation of S. mutans to S. mitis led to biofilm formation,

dominated by S. mutans and its extracellular matrix structures

(figure 5 B, black arrow S. mutans, white arrow S. mitis, grey arrow

S. mutans extracellular matrix structure). In the reverse order, the

inoculation of S. mitis to S. mutans showed again the integration of

S. mitis into the S. mutans biofilm, which also consisted of abundant

extracellular matrix (figure 5 D).

Next, the same experimental setup was used to study the S.

mitis/A. actinomycetemcomitans interactions. According to safranin-

staining, A. actinomycetemcomitans was able to attach to the surface

when S. mitis was inoculated as first bacterium, leading to

monolayer formation (figure 4 C). The total mass was similar to

that of A. actinomycetemcomitans mono-species culture (compare

figure 3A). In the reverse seeding order, A. actinomycetemcomitans was

enabled to form higher biofilm masses when seeded with CDM/

sucrose compared to the mono-species culture. The inoculation of

S. mitis led to a marginal decrease of biofilm mass compared to the

mono-species control (A. actinomycetemcomitans + CS), but values

were still higher as for the A. actinomycetemcomitans mono-species

culture (figure 4 D).

Of note, viable cell counts for both bacteria decreased in this

experiment, similar to the results obtained for the simultaneously

seeded two-species culture (table S3). Fluorescence microscopic

analysis of A. actinomycetemcomitans + CDM/sucrose and A.

actinomycetemcomitans + S. mitis did not support the results obtained

by safranin-stain. No obvious change in number of adherent cells

and live/dead stain could be determined (data not shown).

Transwell experiments
We next employed transwell assays to investigate if a change in

biofilm mass and/or viable counts as seen in simultaneous and

successive seeding experiments was caused by direct cell-cell

contact or by soluble substances secreted by the tested species.

Therefore, experiments were repeated in the above-mentioned

combinations, but the bacteria were separated by a membrane

with 0.2 mm sized pores.

The data presented in figure 6 illustrate that S. mutans biofilm

formation was stimulated in the presence of S. mitis (figure 6 A).

Unfortunately, A. actinomycetemcomitans formed less dense mono-

layers on the plastic of the transwell system compared to the 96-

well polystyrene microtiter plates. However, adherence of this

bacterium increased under the influence of S. mitis (figure 6 B).

The corresponding colony counts for the combinations

investigated in the transwell setup are shown in the table S4.

Viable counts of S. mitis adherent cells decreased when S. mutans

was seeded in the upper compartment. In turn, growth and viable

counts of S. mutans were slightly enhanced by the presence of S.

mitis in the upper compartment.

Viable counts of A. actinomycetemcomitans were reduced to zero

when S. mitis was present in the upper compartment, whereas S.

mitis viability was marginally affected (table S4). In contrast to the

results from the viable counts, rod shaped and, according to their

green stain, viable A. actinomycetemcomitans cells were detectable in

presence of S. mitis, when using fluorescence microscopy after live/

dead staining. Moreover, viable A. actinomycetemcomitans cells were

still present at day three of co-incubation with S. mitis (figure 7).

Biofilm susceptibility to degrading substances
To analyze the nature of extracellular substances involved in

formation of biofilm masses, we investigated the effect of pronase,

DNase and sodium metaperiodate on established biofilms/

monolayers. The increase or decrease of the biofilm mass

subsequent to exposure would indicate prominent functions of

proteins, extracellular DNA (eDNA) or carbohydrates, respective-

ly, in biofilm mass and structure.

For S. mutans mono-species biofilms, an increase of biofilm mass

could be observed when DNase was added to the 2 and 3 days old

biofilm, whereas pronase treatment had such effects only on 2-day-

old biofilms. The addition of sodiummetaperiodate led to a

decreased biofilm mass of 1-day-old S. mutans biofilms, whereas

treatment at days 2 or 3 caused no change. The analysis of A.

actinomycetemcomitans monolayers with these substances revealed a

significant decrease of safranin staining intensity when pronase was

Figure 1. Safranin-staining assay of mono-species-cultures in different media. A), B), C) Results for S. mitis, S. mutans. A.
actinomycetemcomitans, respectively. CDM - chemically defined medium, Sucr – sucrose, Glc – glucose, BHI – brain heart infusion, SLM- saliva-like
medium.
doi:10.1371/journal.pone.0013135.g001
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added to 1, 2 or 3 day old monolayers while the other substances

had no obvious effects (figure S3 A–C).

For S. mitis, no biofilm formation was observed after the addition

of pronase, DNase or sodiummetaperiodate (data not shown).

Feasability of the basic setup for three-species
communities

The next set of experiments was performed to prove the

feasibility of the test system for three-species investigations. The

mixture of A. actinomycetemcomitans, S. mitis, and S. mutans in a three-

species culture revealed safranin values only marginally increased

compared to the S. mutans mono-species culture (figure S4 A). In

this combination only S. mutans was recovered from the established

biofilm (figure S4 B). SEM and fluorescence microscopy visualized

S. mitis and S. mutans bacteria in the biofilm, however, no A.

actinomycetemcomitans was detected (figure S4 C and D).

Discussion

The aims of this study were i) the establishment of an in vitro

setup for mixed-species cultures from which the biofilm behavior

Figure 3. Safranin-staining assay and fluorescence microscopy of the A. actinomycetemcomitans/S. mitis two-species biofilms. A) Result
of Safranin-staining assay of the mono- and two-species biofilms. B) Fluorescence microscopy of A. actinomycetemcomitans and C) A.
actinomycetemcomitans/S. mitis biofilms. For the assay the cells were stained with the Live/Dead dyes. Live cells are stained in green, dead cells light
up in red. Magnification: 4006.
doi:10.1371/journal.pone.0013135.g003

Figure 2. Safranin-staining assay, Confocal laser scanning microscopy (CLSM) and Scanning electron microscopy (SEM) of S. mutans
mono-species biofilms, S. mitis adherent cells and S. mutans/S. mitis two-species biofilms. A) Safranin-staining assay of the mono- and two-
species-biofilms of S. mitis and S. mutans. B) CLSM and C) SEM pictures of the S. mitis (mono-species) adherent cells. D) CLSM and E) SEM pictures of
the S. mutans mono-species biofilm, F) CLSM and G) SEM pictures of the two-species combination S. mitis/S. mutans. For CLSM detection, cells were
stained with Live/Dead dyes. Live cells are stained in green, dead cells light up in red. Grey arrow: S. mutans extracellular matrix structure; white
arrow: S. mitis chain.
doi:10.1371/journal.pone.0013135.g002
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of oral bacteria could be studied and which is easy and

inexpensive to handle, as well as reproducible in other

laboratories, ii) the introduction of a combination of comple-

mentary methods to substantiate results, and iii) the demon-

stration of its usefulness for investigating bacteria from the oral

cavity of healthy subjects and/or patients with periodontitis

(S. mitis, S. mutans, A. actinomycetemcomitans).

Initially, we sought the best suited medium for biofilm

formation of the chosen bacterial species. Brain heart infusion

medium (BHI) supplemented with human serum or saliva-like

medium (SLM) was studied because of its similarity to sulcus fluid.

Both media preparations hardly supported biofilm formation. The

included human serum constituents [17] or mucin could

potentially interfere with the bacterial adhesion to the plastic

surface. Either a sterical hindrance after adhesion to the bacterial

cell envelope or changes in the electrical charge of the bacterial or

plastic surface are explanations of these effects.

Next, a chemically defined medium without glucose (CDM)

supplemented with sucrose was tested and found to be optimal for

the biofilm formation of S. mutans, S. salivarius, S. sanguinis, S.

intermedius and the monolayer formation of A. actinomycetemcomitans.

One major advantage of this medium is that its composition is

known in detail, allowing an easy modulation of the presence and/

or concentration of amino acids, phosphate or sugar. Unfortu-

nately, the composition of CDM is more remote from sulcus fluid

than that of the complex BHI medium. This potential disadvan-

tage could not be resolved by the addition of human serum, due to

the negative influence of the supplement on biofilm formation.

Yet, a sucrose (or glucose) supplement has been established as an

important substrate for the synthesis of extracellular polysaccha-

rides, which in turn are crucial components of streptococcal

biofilms [21,22]. Therefore, the combination of CDM and sucrose

was chosen for the experiments.

Although more closely reflecting the natural situation, fibro-

nectin coating of surfaces did not significantly influence the biofilm

forming ability of the tested mono-species as compared to

uncoated supports.

Introduced washing steps in biofilm formation experiments are

critically discussed [23]. For biofilms established under flow

conditions Gomez-Suarez et al. [23] described detachment of

bacteria from substratum surfaces after air-bubble exposure.

However, under the chosen conditions in our study (static conditions)

washing steps were crucial to remove sedimented bacteria.

When examining bacterial biofilms, several qualitative or

quantitative measurements are established. Safranin-staining

predominantly detects extracellular substances and is commonly

used to quantify biofilm mass [24–26]. Viable cell counting

identifies cells from biofilms which are able to multiply when

transferred on fresh solid medium. Thus, both dead cells and

viable but non-cultureable (VBNC) cells [27,28] are not detected

by this method although these cells contribute to total biofilm

mass. By SEM, all cells can be visualized irrespective of their

viability. Yet, due to the drying process, extracellular matrix is

difficult to detect and visualize by this method. Fluorescence

microscopy in combination with Live/Dead stain detects all cells,

but not the extracellular substance. Multiplying and VBNC cells

are simultaneously visualized as live cells. Finally, confocal laser

scanning microscopy combined with Live/Dead stain principally

detects the same objects as fluorescence microscopy, although the

sterical assignment of cells allows to deduce the presence of

extracellular matrix. Due to the different targets detected by the

diverse methods, results obtained from a given biofilm could vary.

The variation in turn allows conclusions about the association of

cell numbers and amount of extracellular matrix, which could be

produced by multiplying and VBNC cells. The present study

demonstrates the necessity to examine bacterial biofilms with at

least three different methods, i.e. safranin-staining, viable counts

and microscopic inspection to obtain a complete picture.

Only by employing these three complementary methods, it

became evident that A. actinomycetemcomitans and S. mitis behaved

contrary in their planktonic growth and biofim behavior. Similar

observations were previously reported by Fine and colleagues [29].

A. actinomycetemcomitans did not form multi-layered biofilms but

covered the plastic surface by monolayers of viable but not

multiplying cells. Several A. actinomycetemcomitans strains have been

tested for biofilm formation with varying results [30–32]. Param-

eters like surface conditioning, growth medium and environmental

conditions have been described to influence A. actinomycetemcomitans

biofilm formation [33]. Obviously, different A. actinomycetemcomitans

strains vary in their biofilm growth capabilities, with smooth colony

formers growing to less biofilm mass and different biofilm structures

[32,34]. The present A. actinomycetemcomitans strain formed smooth

colonies. The tendency of such strains to develop monolayers of

viable cells for extended incubation periods has not been described

so far. In general A. actinomycetemcomitans is known for its dependence

on K+ ion concentration [35], slow growth rate, and limited carbon

catabolic capabilities [36], which could possibly explain our

observations with this species.

For S. mitis no biofilm formation could be observed under all

tested conditions. Based on electron microscopy observations,

Cowan et al. [37] demonstrated that S. mitis produced few,

extremely long fibrils. These fibrils obviously enable the bacteria to

adhere to the underlying substrate [38]. However, the cell surface

of S. mitis differs from other oral streptococci in its content of

nitrogen and oxygen rich polysaccharides [37]. This could be an

explanation for the failure of S. mitis to form biofilm structures

under the chosen conditions. The plastic surfaces of the used 96-

and 24-well plates obviously did not support S. mitis adhesion.

Previous studies demonstrated a dependence of S. mitis biofilm

formation on the presence of acquired pellicle and lectins [39].

Similarly, the S. oralis strain C104 formed only small biofilm mass,

leading to the conclusion that this species lacks effective

colonization factors for binding to abiotic surfaces but can

participate in complex biofilms by binding to more successful

initial colonizers [40]. The latter statement is confirmed by the

present observation on mixed S. mitis/S. mutans biofilms.

A notable result of this study is the obvious change in biofilm mass

and viable counts in the two-species combinations compared to

single-species settings. S. mitis has been described as a bacterium

with an ecological control function in the oral cavity. Precisely, S.

mitis could inhibit A. actinomycetemcomitans colonization [41–45]. Our

results support this observation and associate the inhibitory effects of

Figure 4. Successive seeding of S. mitis and S. mutans or A. actinomycetemcomitans combinations in biofilm experiments and vice
versa. In both experiments, on day 0 S. mitis, S. mutans or A. actinomycetemcomitans was inoculated into separate wells. Following incubation of
24 hours, biofilm mass of the mono-species was determined by safranin-stain (d1 = day 1). In parallel, S. mutans or A. actinomycetemcomitans was
inoculated to S. mitis or, in reverse order, S. mitis to S. mutans or A. actinomycetemcomitans. After further incubation for 24 or 48 hours, biofilm mass
was again quantified by safranin-staining (d2 = day 2 and d3 = day 3). The graph shows the data obtained by safranin-staining for the combination S.
mitis with S. mutans and vice versa (A and B) and S. mitis with A. actinomycetemcomitans and vice versa (C and D). For better optical discrimination,
the grading of the y-axis is different in both graphs. CS – chemically defined medium with sucrose.
doi:10.1371/journal.pone.0013135.g004
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S. mitis to both the initial step as well as the ensuing multiplication

ability of A. actinomycetemcomitans. In literature nutrient depletion

and/or pH shift are discussed mechanisms for bacterial inhibitory

effects [46–48]. However, if these mechanisms apply to the effects of

S. mitis on A. actinomycetemcomitans is currently unknown.

Timing and spacing are two critical parameters in the

development of mixed-species biofilms. Combinations of S. mitis

with S. mutans always resulted in biofilm formation, although the

final mass was determined by the timing of the bacterial

adherence. Previous studies of van Hoogmoed et al. [42]

uncovered the inhibition of S. mutans NS adhesion by biosurfac-

tant-releasing S. mitis strains (S. mitis BA and S. mitis BM). These

authors found a release of maximal amounts of biosurfactants,

identified to be glycolipids, when the S. mitis strains were grown in

the presence of sucrose. However, preliminary results from our

laboratory indicate that this biosurfactant production could be a

strain specific feature (data not shown). In order to introduce

spacing as parameter in the line of investigation, transwell

experiments were performed. These studies uncovered discrepan-

cies between cfu values and counts of live/dead-stained cells,

suggesting the adoption of a VBNC-status of A. actinomycetemcomi-

tans in indirect contact to S. mitis. Furthermore, the experiments

with S. mutans as well as A. actinomycetemcomitans in the remote

presence of S. mitis suggested a control function for S. mitis under

both conditions. At least for the remote effects, production of

secreted substances is the most obvious explanation. The chemical

nature of these substances needs to be determined. However, it is

known from literature that production of detergents, toxic

Figure 5. SEM analysis of biofilms obtained by successive seeding of S. mitis and S. mutans. A) S. mitis mono-culture. B) S. mitis as first
colonizer, S. mutans as second species. C) S. mutans mono-culture. D) S. mutans as first colonizer, S. mitis inoculated as second species. Magnification
5006 and 10 0006. White arrows: S. mitis; Grey arrows: S. mutans extracellular matrix structure; Black arrows: S. mutans.
doi:10.1371/journal.pone.0013135.g005

Figure 6. Results of safranin-staining assay after transwell experiments. S. mitis was inoculated in the upper compartment. A) and B) show
the results for safranin-staining assays when S. mutans or A. actinomycetemcomitans, respectively, were inoculated in the lower compartment. For
better optical discrimination, the grading of the y-axis is different in both graphs. CS – chemically defined medium with sucrose.
doi:10.1371/journal.pone.0013135.g006
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substances as hydrogen peroxide and bacteriocins or bacteriocin-

like inhibitory substances are likely candidates for this effect

[49,50].

Analysis of S. mutans mono-species biofilms in the presence of

protein-, DNA- or carbohydrate-degrading substances showed an

unexpected effect, i.e. an incubation time-dependent increase of

biofilm mass induced by DNase and pronase. Others have shown

that presence of DNase during biofilm development leads to a

significant disturbance of biofilm formation [51,52]. These

discordant observations are most likely due to different experimen-

tal setups. In summary, our results indicate that removal of eDNA

after complete biofilm maturation has beneficial effects on a further

biofilm mass increase. This observation could also explain the

biofilm mass-inducing effects of S. mitis in transwell experiments, i.e.

a secretion of enzymes with proteolytic or DNase activity.

In summary, the combined analysis of biofilm formation via

safranin stain, determination of cfu and fluorescence microscopy

after live/dead-stain allowed fast, unambiguous and reproducible

results. Scanning electron- and confocal laser scanning microscopy

complemented these results. The whole setup for mono-species

cultures could be applied to two- and three-species combinations.

This allowed first insights in interactions of chosen bacteria,

precisely a mutual influence on biofilm formation and structure, as

well as on different levels of viability.

Materials and Methods

Bacterial strains and culture conditions
The bacterial strains Streptococcus mitis ATCC 11843, Streptococcus

mutans DSM 20523, Streptococcus sanguinis DSM 20567, Fusobacterium

nucleatum DSMZ 25586, Porphyromonas gingivalis W83 ATCC BAA-

308, Parvimonas micra ATCC 33270 and Aggregatibacter actinomyce-

temcomitans (A. actinom.) DSMZ 11123 were purchased from

commercial providers (DSMZ, Braunschweig, Germany and

ATCC, Manassas, USA). Streptococcus intermedius AC 3105 was

obtained from the strain collection of the university Aachen,

Germany. S. salivarius K12 was kindly provided by Dr. J. Tagg,

New Zealand. Unless otherwise specified, all streptococci and A.

actinomycetemcomitans were cultured in brain heart infusion medium

(BHI; Oxoid) at 37uC under a 5% CO2 – 20% O2 atmosphere. P.

gingivalis was cultivated in BHI supplemented with 5 mg/ml hemin

and 50 mM galactose, and F. nucleatum and P. micra were cultured

in BHI supplemented 0.25% glutamate. The latter three species

were grown at 37uC under an anaerobic atmosphere (10% CO2 -

10% H2 – 80% N2).

Culture media for biofilm studies
For the optimization of biofilm formation, brain heart infusion

(BHI, Oxoid, Wesel, Germany) was supplemented with human

serum (Sigma, Hamburg/Seelze, Germany) (4:1) or a saliva-like

medium (SLM, 0.1% Lab Lemco Powder, 0.2% yeast extract,

0.5% peptone, 0.25% mucine from porcine stomach, type III

(Sigma), 6 mM NaCl, 2.7 mM KCl, 3.5 mM KH2PO4, 1.5 mM

K2HPO4, 0.05% urea, pH 6.7) (1:3). Alternatively, a chemically

defined medium (CDM, [53]) was used without any glucose or

supplemented with either human serum (4:1), 50 mM glucose or

50 mM sucrose.

General setup of biofilm cultures
Bacteria were grown in BHI to stationary phase, washed with

phosphate buffered saline (PBS, pH 7.4), and adjusted to a strain

Figure 7. Fluorescence microscopy analysis of A. actinomycetemcomitans in the transwell system. A) A. actinomycetemcomitans mono-
species culture in CDM/sucrose at days 1/3. B) A. actinomycetemcomitans grown in the remote presence of S. mitis on days 1/3. For the assay the cells
were stained with the Live/Dead dyes. Live cells are stained in green, dead cells light up in red. Magnification: 4006 for every picture.
doi:10.1371/journal.pone.0013135.g007
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specific OD600 to obtain 1610‘8 cells ml‘-1. Subsequently, each

bacterial suspension was diluted 10-fold in culture medium and

inoculated in polystyrene 24-well-plates (Greiner Bio-One, Frick-

enhausen, Germany). The bacteria were cultivated alone to

establish mono-species biofilms. Alternatively, S. mutans or A.

actinomycetemcomitans were cultivated in combination with S. mitis

resulting in two-species biofilms.

Biofilm-cultures were grown in an anaerobic incubator under

an appropriate atmosphere (80% N2, 10% CO2, 10% H2) at 37uC
for periods up to 5 days under static conditions (unless otherwise

indicated). The atmosphere of the incubator was saturated with

water vapor to prevent exsiccation of the cultures and was

constantly exposed to a platinum catalyst to decrease the content

of short-chained fatty acids in the atmosphere.

For comparison, planktonic growth of the bacteria in each

medium was monitored by batch culture under anaerobic

conditions and measuring absorbance at 600 nm.

Biofilm mass and viable counts
For this type of assay, 96-well polystyrene microtiter plates

(Greiner Bio-One, Frickenhausen, Germany) were employed. The

plastic surfaces of the 96-well plates were either used uncoated or

were coated with human fibronectin (Roche) at a concentration of

50 mg/ml‘-1 overnight at 4uC. Prior to the inoculation of the

bacteria, fibronectin was removed and wells were washed and air-

dried. After incubation of the bacterial cultures, liquid medium

was removed and wells were washed gently with PBS in order to

remove non-adherent sedimented cells.

For determination of biofilm mass, wells were stained with 0.1%

safranin for 15 min, washed with PBS and air-dried. Biofilm mass

was quantified in the air-dried wells by measuring the absorbance

at 492 nm with a microplate reader (Tecan reader).

Viable cell numbers from biofilm bacteria were obtained by

thorough scraping and washing of the wells with PBS. The

resulting suspensions were serially diluted in PBS and plated in

100 ml aliquots on BHI-agar. Colony forming units (cfu) were

counted after two days of incubation. The distinct colony

morphology allowed for differentiation between the species.

Biofilm structure documentation
Mono- or two-species biofilms were cultured in uncoated 24-

well polystyrene cell culture plates (Greiner Bio-One, Frickenhau-

sen, Germany), each well containing a sterile, uncoated 13-mm-

diameter plastic microscope coverslip (Nunc, Wiesbaden, Ger-

many). After one to five days of incubation under anaerobic

conditions, biofilms were gently washed with PBS, stained with

BacLight Live/Dead (Molecular Probes, Eugene, Oregon) and

inspected by fluorescence microscopy (BX60 microscope, Olym-

pus, Hamburg, Germany). Visible biofilms were documented with

an attached digital camera (Leica, Solms, Germany).

In parallel experiments, samples were prepared for scanning

electron microscopy (SEM) studies as follows: biofilms on the

coverslips were fixed for 24 h in a solution containing 2.5%

glutardialdehyde. The coverslips were washed with 0.1 M Na-

acetate buffer (pH 7.3) and dehydrated in a graded series of ethanol.

Subsequently, coverslips were subjected to critical point drying with

CO2, sputter-coated with gold (thickness approx. 10 nm), and

examined with a Zeiss DSM 960A electron microscope.

For confocal laser scanning microscopy (CLSM) studies,

biofilms were grown in glass-bottom chamber slides (Nunc) and

cultured for up to three days under anaerobic conditions.

Following incubation, biofilms were gently washed with PBS and

stained with BacLight Live/Dead (Molecular Probes, Eugene,

Oregon). Preparations were inspected with a Zeiss inverted

microscope attached to a Leica TCS SP2 AOBS laser scanning

confocal imaging system with an Argon laser at 488-nm excitation

wavelength and an Helium/Neon laser at 546-nm excitation

wavelength. 3D images were obtained using the IMARIS x64

software.

Transwell biofilm assay
For transwell studies, uncoated 24-transwell polystyrene cell

culture plates (Corning) with one coverslip per well were

inoculated with 600 ml (10‘7 cfu/ml) of the first bacterial species

in the lower compartment and 200 ml (10‘7 cfu/ml) of the second

bacterial species in the upper compartment (transwell inserts).

Furthermore, uncoated 96 transwell polystyrene microtiter plates

were used, containing 200 ml of the first/50 ml of the second

bacterial species in the lower/upper compartment, respectively.

After one to three days of incubation, transwell inserts and liquid

medium were removed. The wells were gently washed with PBS,

and biofilms were analyzed for biofilm mass, cell number, as well

as biofilm structure using microscopic techniques (see above).

Successive seeding assay
Medium suspensions with 10‘7 S. mitis were inoculated as first

bacterial species in an uncoated 96- or 24-well polystyrene plate,

the latter with one coverslip per well, and incubated for 24 h

under anaerobic conditions at 37uC. Following this incubation

time, the liquid medium (containing remaining planktonic

bacteria) was removed and 10‘7 S. mutans or A. actinomycetemcomitans

suspended in growth medium were inoculated as the second

bacterial species into the wells. Subsequently, well plates were

again incubated anaerobically at 37uC for up to two days. Biofilm

formation was analyzed on a daily basis for two consecutive days

by determination of biofilm mass via safranin stain, cell number by

counting of cfu/ml and fluorescence microscopy after staining

with BacLight Live/Dead (Molecular Probes, Eugene, Oregon).

This assay was also performed in reverse order with S. mitis as the

second bacterial species inoculated.

Disorganization of biofilms
The disorganization of biofilm was performed as described by

Inoue et al. [29] with minor modifications. Mono-species biofilms

were cultured in uncoated 96-well polystyrene microtiter plates

(Greiner Bio-One, Frickenhausen, Germany) for 1 to 3 days under

anaerobic conditions. Following incubation time, liquid medium

was removed and wells were washed gently with PBS. Subse-

quently, 200 ml of pronase (500 mg/ml), DNase (90 units), or

sodiummetaperiodate (10 mM) diluted in PBS were added into the

wells and the microtiter plates were incubated for further two

hours at 37uC under anaerobic conditions. Finally, the liquid was

removed and biofilm mass was quantified by safranin-stain (see

above).

Reproducibility and statistics
Each assay was performed in at least 3 wells at a given time

(technical replicates) and was repeated on at least 3 independent

occasions (biological replicates). Where appropriate, statistical

parameters (mean, standard deviation of mean, p-Values) were

determined employing the Windows Excel program and the

Mann-Whitney U Test. P-values less than 0.05 were considered as

significant.

Supporting Information

Figure S1 Regular growth curves of A. actinomycetemcomitans, S.

mitis, and S. mutans in CDM/sucrose. Growth was monitored by
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OD600 nm measurements in hourly intervals. One representative

experiment of at least three replicates is shown.

Found at: doi:10.1371/journal.pone.0013135.s001 (0.20 MB TIF)

Figure S2 Results of safranin-staining assay for the mono-species

biofilms on a fibronectin-coated surface. The graph shows the

result of safranin-staining assay for the tested mono-species on

uncoated and fibronectin-coated surfaces. Fn - fibronectin.

Found at: doi:10.1371/journal.pone.0013135.s002 (0.15 MB TIF)

Figure S3 Results of safranin-staining assay for the mono-species

biofilm disorganization with pronase, DNase and sodiummetaper-

iodate. A), B) and C) Results for 500 mg/ml pronase, 90 units

DNase, 10 mM sodiummetaperiodate, respectively. SMP -

sodiummetaperiodate, * means significance of p,0.05 and **

means significance with p,0.01. PBS was used as control.

Found at: doi:10.1371/journal.pone.0013135.s003 (0.38 MB TIF)

Figure S4 Results of Safranin-staining assay, number of colony

froming units and microscopic analysis of the S. mitis/S. mutans/A.

actinomycetemcomitans three-species combination. A) Safranin-stain-

ing assay of the mono- and three species-biofilms of S. mitis, S.

mutans and A. actinomycetemcomitans. B) Number of colony forming

units for the mono- and three-species cultures. Bacteria in brackets

were the corresponding combination partner in the three-species

culture. C–D) SEM and fluorescence microcopy of the S. mitis/S.

mutans/A. actinomycetemcomitans combination. White arrow: S. mitis;

Black arrow: S. mutans.

Found at: doi:10.1371/journal.pone.0013135.s004 (4.10 MB TIF)

Table S1 Summarized results for planktonic and biofilm growth

of the different species in the tested media.

Found at: doi:10.1371/journal.pone.0013135.s005 (0.09 MB

DOC)

Table S2 Number of colony forming units obtained for the

mono- and two-species cultures in CDM/sucrose.

Found at: doi:10.1371/journal.pone.0013135.s006 (0.03 MB

DOC)

Table S3 Number of colony forming units for the successive

seeding experiment.

Found at: doi:10.1371/journal.pone.0013135.s007 (0.02 MB

DOC)

Table S4 Number of colony forming units obtained in transwell

experiments.

Found at: doi:10.1371/journal.pone.0013135.s008 (0.02 MB

DOC)
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