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Abstract
Commensal oral biofilms, defined by absence of pathology-related phenotypes, are 
ubiquitously present. In contrast to pathological biofilms commensal biofilms are rarely 
studied. Here we studied the effect of the initial inoculum and subsequent growth conditions 
on in vitro oral biofilms. Biofilms were inoculated with saliva and grown anaerobically for up 
to 21 days in McBain with or without FCS or sucrose. Pathology-related phenotypes were 
quantified and community composition was determined. Biofilms inoculated with pooled 
saliva or individual inocula were similar. DGGE analysis allowed differentiation of biofilms 
grown with sucrose, but not with FCS. Lactate production of biofilms was significantly 
increased by sucrose and protease activity by FCS. McBain grown biofilms showed 
low activity for both phenotypes. Three clinically relevant in vitro biofilm models were 
developed and could be differentiated based on pathology-related phenotypes but not 
DGGE analysis. These models allow analysis of health-to-disease shifts and effectiveness 
of prevention measures.
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Introduction
Microbial biofilms are ubiquitously present in and on our body and it is estimated that 
we carry 10-times more microbial cells than we have our own (Luckey 1972). Biofilms in 
the oral cavity were the first-studied and are probably among the most-studied microbial 
biofilms of relevance to man. Already in the 17th century Antonie van Leeuwenhoek studied 
dental biofilms by microscopy, reporting on the diversity and resilience of ‘animalcules’ in 
scrapings from human teeth (Porter 1976). In every individual there is a daily accumulation 
of oral biofilms. In most cases these commensal and generally harmless biofilms do not 
cause clinical problems and can therefore be considered commensal to the human oral 
cavity (Zaura et al. 2009). Modern oral hygiene measures effectively remove excessive 
biofilms and prevent oral biofilms to grow towards harmful biofilms causing oral diseases 
such as caries, gingivitis and periodontitis. 

Caries is the destruction of the dental hard tissues caused by certain bacteria, such as 
Streptococcus mutans and Lactobacillus species, residing in oral biofilms. Acids, produced 
by fermentation of carbohydrates, accumulates in the biofilm leading to demineralization 
and finally break-down of the enamel (Kolenbrander et al. 2010). Cariogenic biofilms are 
characterized by accumulation of Gram-positive, saccharolytic, bacteria that are generally 
aciduric.

Gingivitis is a reversible, mild inflammation of the gingiva (gums lining the teeth), 
characterized by the presence of Gram-negative, anaerobic, proteolytic bacteria (Kistler 
et al. 2013, Marsh 1994). When gingivitis is left untreated it can progress to periodontitis, 
a severe, potentially chronic, inflammation of the gingiva. Periodontitis is characterized 
by permanent bone-loss and possibly tooth-loss caused by the constant activation of the 
immune system (Sanz et al. 2011).

Species composition of oral biofilms is deemed important for diagnosis, prevention 
and treatment of oral diseases and was traditionally analysed using culturing. To date, 
culturing is still the gold-standard in diagnosis of oral pathologies. However, since only a 
minority of oral bacteria is culturable (Vartoukian et al. 2010), this has resulted in a skewed 
understanding of the oral microbiome (Fernandez y Mostajo et al. 2011). Genetic tools, 
such as Denaturing Gradient Gel Electrophoresis (DGGE) allow a more reliable evaluation 
of the microbial species composition as they are not dependent on the ability to culture 
the individual species. More recently, next generation sequencing of 16S rDNA resulted in 
a more complete view of the composition of the oral microbiome (Zaura 2012, Zaura et al. 
2009). From such elaborate microbiome studies it has become apparent that the microbial 
species composition of oral biofilm differs per individual , even if the biofilms have similar 
phenotypes resulting in identical pathologies (Diaz et al. 2006, Ledder et al. 2006, Rasiah et 
al. 2005). For instance, as little as 30 species are shared among healthy volunteers but up to 
300 species can be found in the oral microbiome (Zaura et al. 2009). In addition, phenotypic 
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variability and heterogeneity allows identical species to have different phenotypes or 
different species to have identical phenotypes (Burne et al. 2012). Ergo, it is possible to 
have a comparable disease status which is related to different microbiota.

Oral diseases are well correlated with microbial phenotypes inducing pathology. In 
a commensal oral biofilm, pathology-related phenotypes (e.g. lactate formation and 
proteolytic activity) are minimized. The oral microbiome is in balance with its host (Zarco 
et al. 2012). This balance can be disturbed by changes in the environment upon which 
putative pathogens can become more abundant. These environmental changes can be 
related to behavioural changes of the host, e.g. antibiotic use or changes in dietary habits 
(Marsh 1994). For instance, caries development is linked to increased fermentable sugar 
intake resulting in the microbial production of predominantly lactate and a reduction in 
environmental pH. The acidic environment selects for acid-tolerant microbes, including 
more lactate-producing bacteria, further increasing the lactate-producing capacity of the 
biofilm. Similarly, periods of decreased levels of oral hygiene can lead to accumulation of 
oral plaque, resulting in gingivitis. During gingivitis, gingival crevicular fluid (GCF) flow is 
increased providing ideal substrates for Gram-negative, anaerobic, proteolytic bacteria, 
reviewed by Rosier and coworkers (Rosier et al. 2014).

The aim of the present study was to evaluate to what extend the microbial composition 
of a healthy inoculum and subsequent growth conditions influence in vitro oral biofilms. 
Oral biofilms were inoculated from 10 healthy individuals and grown in 3 media of different 
nutrient composition. Resulting biofilms were analysed for composition using DGGE 
and for the presence of oral pathology-related phenotypes by determining the lactate 
production capacity and proteolytic activity.

Materials & Methods
Inoculum collection
Whole human stimulated saliva, used as inoculum, was collected on ice from ten self-
reported healthy donors. Saliva was donated 24 h after last brushing. The saliva was diluted 
2-fold with 60% sterile glycerol, aliquoted and stored at -80°C. Before use, a pooled sample 
was prepared by mixing 200 µl thawed saliva of each donor and vortexed for 30 s. Biofilms 
were inoculated in the respective media with a 50-fold dilution of saliva of 10 volunteers 
individually or a 50-fold dilution of pooled saliva.

Biofilm formation
Biofilms were grown in the Amsterdam Active Attachment Model (AAA-model) (Exterkate 
et al. 2010), assembled with glass coverslips (diameter 12 mm; Menzel, Braunschweig, 
Germany). The model was inoculated for 8 h with saliva in either of three growth media; 
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1) buffered semi-defined McBain medium (2.5 g l-1 mucin (Sigma, St Louis, Missouri), 
2.0 g l-1 Bacto peptone (Difco, Detroit, Michigan), 2.0 g l-1 Trypticase peptone (BBL, 
Cockeysville, Maryland), 1.0 g l-1 yeast extract (BD Diagnostic Systems, Sparks, Maryland), 
0.35 g l-1 NaCl, 0.2 g l-1 KCl, 0.2 g l-1 CaCl2, 1 mg l-1 hemin (Sigma, St. Louis, Missouri, USA), 
and 2 mg l-1 vitamin K1 (McBain et al. 2005), with 50 mM PIPES at pH 7.0), 2) buffered semi-
defined McBain with 0.2% sucrose and 3) buffered semi-defined McBain with 10% fetal calf 
serum (FCS). The buffer prevents the medium to drop below pH 6.1.

Biofilms grown in presence of sucrose were grown for 48 h as described previously 
(Exterkate et al. 2010). Briefly, the AAA-model was inoculated with saliva in McBain with 
0.2% sucrose and incubated anaerobically at 37°C for 8 h to allow microbes to attach to 
the glass coverslips. After the 8 h attachment period, the lid containing the coverslips 
was transferred to a new plate containing fresh, sterile McBain medium with sucrose and 
incubated for another 16 h. The same refreshment routine was used for day 2. Biofilms were 
harvested at day 3, after 48 h of total incubation. Biofilms grown in McBain and McBain + 
FCS were inoculated with saliva in their respective medium and incubated as described 
above. After the 8 h attachment period, the lid containing the coverslips was transferred 
to a new plate containing fresh, sterile medium and incubated for another 16 h. After the 
first 24 h the medium was refreshed once daily except for the weekends and biofilms were 
harvested after 4, 9, 15 and 21 days of growth.

Harvesting of biofilms
All biofilms were harvested by transferring the glass coverslips into 2 ml phosphate 
buffered saline (PBS). The biofilms were dispersed using a Vibracell VCX130 sonicator with 
a maximum of 130 Watts and 20 kHz (Sonics & Materials, Newtown, USA). Biofilms were 
sonicated for 1 min with a pulse rate of 50% and pulses of 1 s. Vibration amplitude was set 
to 40%.

CFU determination
To estimate the amount of biofilm formation, total anaerobic colony forming units (CFUs)
were determined (Exterkate et al. 2010). Briefly, serial dilutions of the dispersed biofilms 
were made and plated on tryptic soy agar blood plates. Plates were subsequently incubated 
anaerobically for 96 h at 37°C and CFUs were counted. 

DNA isolation and PCR
DNA was isolated using phenol bead beating followed by Agowa nucleic acid isolation, 
following the manufacturer’s instructions (LGC Genomics, Mag mini kit). Briefly, cells 
were mechanically disrupted four times at 1200 rpm for two minutes in presence of Tris-
saturated Phenol, 0.1 mm zirconium beads and Mag lysis buffer. The DNA-containing phase 
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was mixed with binding buffer and magnetic beads. After elution, DNA concentration was 
estimated by determining the absorbance at 260 nm using the Nanodrop (Isogen, ND-
1000).

The primers used for DGGE PCR amplification were used previously (Ariani et al. 2012) 
and are listed in table 2.1. PCR was performed in a final volume of 25 µl containing 1 µl 
of each primer (10 mM), 1 µl dNTP (10 mM), 2.5 µl 10 x DreamTaq Buffer including MgCl2 

(Thermo Scientific), 0.2 µl DreamTaq DNA Polymerase (5 U µl-1, Thermo Scientific) and 
50 ng of DNA. Initial denaturation was performed at 94°C for 4 min, followed by 35 cycles of 
denaturation at 94°C for 30 s, 54°C annealing for 1 min, 72°C for 1 min primer extension and 
a final extension at 72°C for 5 min. Product formation was confirmed by electrophoresis of 
5 µl on a 1% (w/v) agarose gel (Sphearo Q, Leiden, The Netherlands) stained with ethidium 
bromide.

Primer Position* Sequence Product size Reference

F357GC 357-372 CGC CCG CCG CGC GGC GGG 
CGG GGC GGG GGC ACG GGG 

CCT ACG GGA GGC AGC AG

161 (Temmerman 
et al. 2003)

R518 518-534 ATT ACC GCG GCT GCT GG 203 (Temmerman 
et al. 2003)

Denaturing gradient gel electrophoresis (DGGE)
DGGE was performed using a Dcode universal mutation detection system (Bio-Rad). 
Briefly, PCR samples (20 µl) were applied directly onto 8% (v/w) polyacrylamide gels 
in a running buffer containing 40 mM Tris-acetate, 2 mM Na2EDTA·H2O, pH 8.5 (TAE) 
and denaturing gradient from 30% to 60% of urea and formamide. The electrophoresis 
was performed at a constant voltage of 200 V for 4 h, with a constant temperature of 
60°C. After electrophoresis the gels were stained with 0.1% ethidium bromide in TAE. 
Gelcompare II software (Applied Maths, Gent, Belgium) was used for the Comparison of 
microbial communities. Gel images were converted, normalized and the bands in each 
lane were automatically detected. Similarities were calculated using the Pearson product-
moment correlation coefficient (based on whole densitometric curve) and the dendogram 
was constructed using Unweighted Pair Group Method with Arithmetric Mean (UPGMA).

Statistics
For statistical comparison of lactate production or protease activity in different groups a 
two-sided t-test was used. For all comparisons, groups are considered statistically different 
if p < 0.05. 

* Corresponding to numbering in Escherichia coli sequence. GC-clamp in forward primers is underlined.

Table 2.1. PCR primers for DGGE analysis
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Acid production assay
To estimate the cariogenic phenotype, lactic acid production of the biofilms was determined 
prior to harvesting (Exterkate et al. 2010). The biofilms on coverslips were placed in a fresh 
24-well plate containing 1.5 ml of buffered peptone water (BPW) with 0.2% sucrose in each 
well. Acid formation was allowed for 3 h at 37°C under anaerobic conditions. The amount 
of lactic acid produced in this period was analysed using the colorimetric assay described 
previously (van Loveren et al. 2000) and expressed as mM lactic acid per biofilm.

Protease activity
To quantify the protease activity of the biofilms the fluorescence resonance energy transfer 
(FRET) assay essentially as described previously (Kaman et al. 2012, Kaman et al. 2011) was 
used. Biofilms were removed from the wells and the spent medium was filter sterilized 
using 0.2 µm filters and stored at -20°C until needed. Wells of a clear-bottom 96-well plates 
(Corning, Lowell, Massachusetts) were filled with 100 µl Tris Buffered Saline (TBS, 50 mM 
Tris, 150 mM NaCl, pH 7.6) and 100 µl sterile spent medium. Four µl substrate (800 µM) was 
added to each well for a final concentration of 16 µM and sterile fresh culture broth was 
used as negative control. Fluorescence of each well was read for 2 h with 5 min intervals 
on a fluorescence microplate reader (Fluostar Galaxy, BMG Laboratories, Offenburg, 
Germany) with an excitation wavelength of 485 nm and an emission wavelength of 
530 nm. Relative fluorescence (RF) values were obtained after correction against the 
culture broth control. The protease activity was defined in RF per minute (RF min-1). The 
probes used for the assay were BikKam15 ([FITC]-Phe-Arg-[KDbc]), highly specific for 
gingipain activity of Porphyromonas gingivalis (Kaman et al. 2012) and PEK-054 ([FITC]-
NleKKKKVLPIQLNAATDK-[KDbc]), a probe for total protease activity (Cummings et al. 
2002).

Results
Irrespective of the growth condition biofilms established up to 109 CFU per biofilm (Figure 
2.1). Prolonged cultivation in McBain and in McBain + FCS resulted in a slight increase in CFU 
counts up to day 15, after which no additional biomass increase could be observed. There 
was no effect of inoculum origin, as inocula of all 10 volunteers resulted in comparable 
biomass. The pooled sample (Figure 2.1) generally followed the average of all individual 
inocula.

DGGE analysis of all end-point samples as well as the original inocula indicated that in 
the biofilms grown McBain + sucrose, the populations converged to more similar profiles 
compared to the original inocula (Figure 2.2A, B). This convergence was not observed for 
biofilms grown in McBain and in McBain + FCS (Figure 2.2A, C, D). Phylogenetic analysis  
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indicated that while the inocula and sucrose grown biofilms clustered in two separate 
clusters, McBain and McBain + FCS grown biofilms could not be discriminated (Figure 2.3).

Since caries is related to increased acid production by biofilms, lactate production was 
determined for all biofilms at all time points. The sucrose grown biofilms showed high 
levels of lactate production (Figure 2.4A). In contrast, lactate production was significantly 
lower in both McBain-grown biofilms and McBain + FCS grown biofilms for all time points 
(p < 0.001). There was some individual variation in lactate production indicated by the large 
spread for the 10 individual volunteers in figure 2.4A. However, there was no consistent 
correlation with biofilms from specific volunteers, i.e. biofilms from the same volunteer did 
not always give the highest lactate production at all time points. The lactate production 
of the pooled sample was within the same range of all individual inocula at most sampling 
points (Figure 2.4A).

The change from periodontal health to periodontal disease is accompanied by a shift 
from generally saccharolytic to more proteolytic biofilms (Kolenbrander et al. 2010). Most 
notably, proteases of P. gingivalis can be used as a surrogate marker for periodontal disease 
(Kaman et al. 2012). Therefore, we tested overall protease activity as well as periodontitis-
specific protease activity of biofilms at all time points. Protease activity was low in sucrose 
grown biofilms which is in line with the generally saccharolytic nature of cariogenic biofilms 
(Figure 2.4B). In contrast, protease activity was slightly increased when biofilms were 
grown in the absence of sucrose (average of 1.8 RFU vs 1.3 RFU), but this increase was not 

Figure 2.1. Total biofilm formation under different conditions expressed as CFU per biofilm. 
Each point represents an individual volunteer, pooled sample shown in red. Averages and 
standard deviations are show for each condition.
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statistically significant (Figure 2.4B). Addition of FCS to McBain resulted in a clear increase 
of general proteolytic activity for all volunteers at all time-points. Variation between 
inocula was observed especially for the McBain-grown biofilms and the pooled sample 
generally followed the average of all individuals. Use of a periodontitis-specific FRET probe 
showed similar pattern but the differences between the media conditions were more 
distinct (Figure 2.4C). McBain + FCS grown biofilms showed high activity while the other 
conditions had low activity. Presence of sucrose leads to the lowest activity, and there 
was a significant difference between sucrose-grown biofilms and McBain-grown biofilms 
(p < 0.001). The pooled samples followed the trend of all individual inocula. The variation 
between biofilms from different volunteers was decreased for the specific protease activity 
compared to the general protease activity.

Figure 2.2. DGGE profiles of A) saliva, B) 48 h biofilms grown in the presence of sucrose, C) 
21 days old biofilm grown in McBain only and D) 21 days old biofilm grown in the presence 
of FCS. M represents marker sample, number refers to different volunteers and P is pooled 
sample.
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Figure 2.3. Dendogram of DGGE profiles. Three clusters can be defined, Cluster 1: biofilms 
grown with FCS and biofilms grown in McBain alone, Cluster 2: saliva, Cluster 3: biofilms 
grown with sucrose.
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Conclusion & Discussion
The aim of the present study was to evaluate to what extend the microbial composition 
of a healthy inoculum and subsequent growth conditions influence in vitro oral biofilms. 
The inoculum, obtained from 10 healthy volunteers, did not dictate subsequent biofilm 
composition as determined by DGGE sequencing, i.e., the biofilms did not cluster based on 
volunteer. Nutrient composition, most notably the presence of sucrose, had a more profound 
effect on microbial composition of in vitro oral biofilms than inoculum composition. Use of 
a pooled inoculum, containing saliva from all 10 individual volunteers, generally resulted in 
biofilm composition and phenotypes very similar to biofilms inoculated with all 10 individual 
samples. While biofilms inoculated from individual volunteers occasionally turned out to be 
outliers, this was not consistent in time for biofilms from specific volunteers, and therefore 
probably not inoculum driven. It should be noted that in the present study healthy 
volunteers were recruited. It cannot be excluded that inocula from diseased volunteers 
might result in significantly different biofilm composition or phenotypes. Based on the 
described experiments use of a pooled inoculum can be recommended. This is in line with a 
previous report on a fecal biofilm model, where pooled inoculum resulted in similar biofilm 
composition and phenotypes as biofilms inoculated with individual samples (Aguirre et al. 
2014).

In line with the Ecological Plaque Hypothesis (Marsh 1994), we utilized environmental 
conditions, most notably nutrient composition, to differentiate saliva-inoculated biofilms 
using a single model system. Cariogenic biofilms; those communities with increased levels 
of lactate production were induced by the presence of sucrose. Periodontal biofilms; those 
biofilms with increased general and periodontitis-specific proteolytic activity were induced 
by the presence of proteins, in this case FCS. A clinical trial showed that a P. gingivalis-
specific FRET-probe correlated very well with clinical periodontitis (Galassi et al. 2012). 
The presence of this activity in the periodontal biofilms and its absence in the others 
established its periodontal nature. Commensal biofilms; those that showed no pathology-
related phenotypes. The absence of sucrose and FCS resulted in biofilms that lacked both 
phenotypes for up to 21 days and possibly resembles a commensal biofilm.

In the present study we clearly observed a strong effect of the presence of sucrose on 
biofilm composition. A clear loss of diversity was observed which did not occur in biofilms 
grown without sucrose (Figure 2.2). While nutrient selection favoring saccharolytic bacteria 
might play a role, it must be taken into account that sucrose is fermented into acids such 
as lactic acid. Accumulation of lactic acid results in a decrease in the local pH inducing acid 
stress which inhibits growth of a large number of bacterial species (Marsh 1994, Marsh 
2003). The strong effect of sucrose on biofilm composition is thus related to nutrient 
selection as well as acid stress (Bradshaw and Marsh 1998, Touger-Decker and van Loveren 
2003). In contrast, presence of FCS did not affect microbial composition as determined 
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Figure 2.4. A) Total lactic acid production in mM per biofilm after 3 h incubation in BPW 
containing 0.2% sucrose. B) Total protease activity expressed as RFU min-1 using FRET-probe 
PEK-054. C) Specific gingipain protease activity expressed as RFU min-1 using FRET-probe 
BikKam15. Each point represents an individual volunteer, pooled human unstimulated saliva 
sample shown in red. Averages and standard deviations are show for each condition.

A
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by DGGE compared to McBain alone. This is in line with a previous report by Ledder and 
coworkers who showed that DGGE profiles of the subgingival biofilm of healthy volunteers 
clustered together with that of patients with chronic periodontitis(Ledder et al. 2007). 
Since FCS is a nutrient source, nutrient selection should be possible. However, in contrast 
to sucrose nutrient selection by FCS does not alter biofilm composition.

While DGGE analysis did not show clear differences in population composition between 
commensal and periodontal biofilms, phenotypic analysis did. This illustrates that in 
some cases phenotypic differentiation of biofilms can be explained, at least in part, by 
the mechanism of phenotypic heterogeneity and plasticity as postulated by Burne and 
Jenkinson (Burne et al. 2012, Jenkinson 2011). Phenotypic heterogeneity means that 
identical species can show different metabolic behaviours under different conditions. Even 
when the community composition is identical, their behaviour is not due to a different 
set of genes being expressed. Environmental conditions such as nutrient availability are 
key inducers of gene expression and dictate phenotypic heterogeneity. In this case, FSC 
induces expression of proteolytic enzymes. This shows that two types of specialization can 
be observed in our model; compositional differentiation induced by the addition of sucrose 
and phenotypic differentiation induced by the addition of FCS. 

In addition to their increased discriminatory power, phenotypic analysis has several 
advantages over community composition DGGE analysis. Firstly, it is fast; both assays 
take less than a day from start to finish whereas DGGE takes over 3-4 days. Secondly, 
phenotypic analyses can be done in high-throughput as both assays can be performed in 
multi-well plates (up to 384 wells). Finally, these analyses can be performed on in vitro as 
well as on clinical samples as they require very little biomass (as low as the biomass stuck 
on dental floss).

In conclusion, we have developed three clinically relevant in vitro biofilm models that 
mimic oral biofilms. These biofilms can be differentiated based on levels of rapid pathology-
related phenotypes. Resolution of DGGE analysis is not sufficient to discriminate in vitro 
commensal and periodontal communities. The in vitro biofilm growth-conditions described 
here can be used to analyse health-to-disease shifts and vice versa, as well as effect of 
therapeutics/prevention measures on such shifts.
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