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General introduction
Microorganisms are most commonly encountered in biofilms. A biofilm is defined as 
microbes that are adhered to a surface and are enclosed in a self-assembled extracellular 
matrix (Donlan 2002). The extracellular matrix mainly consists of polysaccharides, proteins 
and extracellular DNA (Flemming et al. 2016). Biofilm-associated microbes have an altered 
phenotype then their planktonic counterparts, including lower growth rates, expression 
of specific biofilm-associated genes (Shemesh et al. 2007), and increased resistance for 
antibiotics (Stewart 2002). 

Microbes were the first lifeforms to colonize our planet. All other lifeforms evolved in 
symbiosis with the microbes around them, and humans are no exception. The human body 
is colonized by approximately 1014 bacteria, which is ten times more than we have cells 
of our own (Luckey 1972). Since the majority of these bacteria are found in the gut, the 
interactions between bacteria and humans are mostly studied for that niche. While less 
colonized compared to the gut, the oral cavity is a special environment within the human 
body, because of the presence of several diverse ecological niches (Figure 1.1) (Arweiler 
and Netuschil 2016).

The diversity of niches in the oral cavity
Soft tissues like the gingiva and palatum shed epithelial cells, preventing biofilms to 
maturate (Gibbons and Houte 1975). These niches contain mainly aerobic bacteria, due 
to the young nature of the biofilm (Arweiler and Netuschil 2016). In contrast, the tongue 
contains many deep crypts where also strict anaerobic microbes can survive (Scully and 
Greenman 2008). The subgingival pockets are strict anaerobic environments where 
anaerobic, proteolytic bacteria can flourish, fed by the crevicular fluid (Marsh 2003).

In contrast to the soft tissues, the teeth are hard, non-shedding surfaces where microbes 
must actively adhere to in order to prevent being removed by the salivary flow (Bos et al. 
1996). The environment on these surfaces is dynamic and can change under influence of 
the host and the microbiota. When biofilms grow thicker (older), the deeper regions of the 
biofilm become anaerobic (Kenney and Ash 1969), allowing strict anaerobic organisms to 
proliferate.

Diverse microbial ecology
A wide variety of microbes colonize all these different niches in the oral cavity. When 
culturing was the only technique available to identify microbes, 166 species were detected in 
an experimental gingivitis study (Moore et al. 1982) while 171 taxa were detected in chronic 
periodontitis patients (Moore et al. 1983). Altogether, over 250 species were discovered 
to colonize the human mouth by culturing (Paster et al. 2006). Molecular techniques such 
as cloning and sequencing have indicated a much more complex community; the human 
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oral microbiome database (HOMD) contains more than 700 different bacterial species 
(DeWhirst et al. 2010, www.homd.org). Also more than 100 fungal species were found 
in different subjects (Dupuy et al. 2014, Ghannoum et al. 2010). Moreover, by using next 
generation sequencing technology more than 10,000 species or biotypes have been found 
to be present in the oral cavity (Keijser et al. 2008). In a single volunteer over 500 different 
bacterial species and 20 fungal species can be found (Ghannoum et al. 2010, Zaura et al. 
2009), making the oral microbiome a very diverse and complex ecology.

Microbial interactions
Microorganisms in these complex biofilms interact with one another. Since not all organisms 
that are found in oral biofilms can adhere to the oral surfaces, physical interactions can 
facilitate development of the biofilm. Early colonizers co-aggregate with each other and 
form the initial biofilm (Kolenbrander et al. 2006). Organisms like Fusobacterium nucleatum 
co-aggregate with both early and late colonizers and thereby form a bridge between the 
biofilm and the late colonizers (Kolenbrander et al. 2010, Kolenbrander et al. 2006).

Besides these physical interactions, microbes can chemically interact within the biofilm 
via sophisticated cell-density dependent communication systems called quorum sensing 
(QS) systems (Federle and Bassler 2003). QS influences biofilm formation (McNab et al. 
2003) and can regulate the expression of virulence factors (Hirano et al. 2012). Both inter-
species and intra-species communication is known.

Autoinducer-2 (AI-2) QS systems are the most conserved signalling pathways and 
the production and recognition of AI-2 is widely distributed in both Gram-positive and 
Gram-negative oral bacteria. One example of inter-species interaction in the oral cavity 

Figure 1.1. Diverse niches in the oral cavity and their colonizing microbes.

Chapter 1



11

was recognized by Jang and coworkers. They showed that biofilm formation and co-
aggregation of F. nucleatum with the late colonizers Porphyromonas gingivalis, Treponema 
denticola, and Tannerella forsythia is regulated by AI-2 produced by F. nucleatum (Jang et 
al. 2013). Gene expression of adhesion molecules of these bacteria was upregulated in the 
presence of partially purified AI-2 of F. nucleatum.

The third form of interaction within a biofilm is metabolic interaction, including 
direct and indirect metabolic dependencies (Krom et al. 2014). The relationship between 
Streptococcus spp. and Veillonella is an example of a direct metabolic interaction. 
Streptococci are known for their production of lactic acid, which is the main carbon source 
of Veillonella. This dependency is reflected in a study showing that Veillonella levels were 
a good caries predictor in children (Gross et al. 2012). An example of indirect metabolic 
dependency is the rapid oxygen removal of Candida albicans in biofilms, creating a local 
environment with reduced oxygen levels where anaerobic oral bacteria can survive (Fox et 
al. 2014).

Microbial ecology in oral diseases
The relationship between microbial colonization and development of oral disease is 
extensively studied for the two most common oral problems: periodontal diseases and 
caries.

Periodontal diseases include gingivitis and periodontitis. Gingivitis is the inflammation 
of the gums and develops in response to increased plaque accumulation (Silness and 
Loe 1964). The microbial ecology shifts from a young, aerobic and facultative anaerobic 
environment, towards more anaerobic and late-colonizing species that are linked to 
gingivitis. Gingivitis can, when left untreated, ultimately lead to periodontitis; the 
progressive loss of the alveolar bone surrounding the teeth which leads to tooth loss 
(Kistler et al. 2013, Marsh 1994, Sanz et al. 2011).

Periodontitis has been associated with the presence of proteolytic bacteria such as 
P. gingivalis, T. denticola, and T. forsythia (Socransky et al. 1998). However, more recent 
evidence suggests that it is caused by a dysbiosis between the subgingival biofilm and the 
immune system of the host (Hajishengallis 2015). Keystone pathogens can trigger the host 
immune response, resulting in release of nutrients by tissue breakdown (Hajishengallis 
2014). Simultaneously, they protect the subgingival biofilm from being cleared by the 
immune system. These protective mechanisms include inhibiting the complement immune 
response (Hajishengallis 2015) and degradation and inactivation of antimicrobial peptides 
(Nussbaum and Shapira 2011). The breakdown of the periodontal tissues results in deep 
subgingival pockets where the protected biofilm can flourish. 

Dental caries is caused by organic acids that are produced by oral biofilms from 
sugars in our diet. This results in an acidic environment where the enamel demineralizes, 
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resulting in white spot lesions. When the environment remains acidic for a long period of 
time or at high frequencies, eventually dental cavities will arise (Kolenbrander et al. 2010, 
Marsh 2003). Traditionally, streptococci and especially Streptococcus mutans have been 
associated with dental caries due to the fact that these streptococci are easy to recognise 
on selective growth media (Hamada and Slade 1980), but 16S rDNA sequencing revealed 
that multiple species are involved. S. mutans but also other saccharolytic aciduric bacteria 
are involved in the initiation of white spot lesions and enamel caries, while dentine cavities 
are colonized with more proteolytic bacteria that produce collagenase and other proteases 
enabling dentin degradation (Simon-Soro, Belda-Ferre, et al. 2013). Besides these bacterial 
species, the fungus Candida albicans is associated with early childhood caries (Klinke et al. 
2011, Klinke et al. 2014) although its role in the development of dental caries is still unclear.

Microbial ecology in oral health
In contrast to disease, little is known about the role of microbes in maintaining and 
promoting oral health. Only a few species were identified that are associated to a healthy 
oral cavity. Porphyromonas catoniae for example was associated with the saliva samples 
of caries-free children (Crielaard et al. 2011) and with shallow pockets (de Lillo et al. 
2004), but it is unclear whether it has an active role in maintaining oral health. Until now, 
oral health is defined as the absence of disease. This clinical observation disregards the 
microbial population and its activity. Very likely the oral microbiome actively contributes 
to sustaining oral health.

To obtain more insight in a healthy oral ecosystem, realistic models are required that 
mimic a healthy oral microbiome. Such models should resemble the clinical situation; 
i.e. facilitate growth of a complex microbial community, that is able to react on the 
environment according to the ecological plaque hypothesis (Marsh 1994). In such models, 
disease-related phenotypes should be absent or only present in very low numbers.

Outline of this thesis
Chapter 2 of this thesis describes the development of a complex healthy biofilm model 
compared to a cariogenic biofilm model and a biofilm model for periodontal disease. 
The addition of different nutrients and different incubation times were used to create 
phenotypically different biofilms. These in vitro models can be used to test novel strategies 
for maintaining oral health, test new components and identify relevant microbial 
interactions. 

In chapter 3 the effect of the introduction of the eukaryotic micro-organism C. albicans 
in the biofilm is described. C. albicans is an oral commensal fungus, present in 50-70% of 
healthy volunteers (Dupuy et al. 2014, Ghannoum et al. 2010), yet it is associated with early 
childhood caries (Klinke et al. 2011, Klinke et al. 2014). The role of C. albicans in health and 
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disease is mainly studied in single- and dual-species biofilms with contrasting outcomes 
(Falsetta et al. 2014, Willems et al. 2016). In this chapter, the complex cariogenic model is 
used to evaluate the effect of C. albicans on the phenotype and ecology of oral biofilms.

Chapter 4 describes the effect of the artificial sweetener erythritol on gingivitis biofilms. 
Erythritol is a low-calorie sugar alcohol that is not metabolized by most oral bacteria 
(Bradshaw and Marsh 1994). Besides the fact that erythritol cannot be converted to acids 
by oral microbes, it is known to have other caries-preventive properties. It reduces total 
plaque levels, abundance of mutans streptococci, and organic acid levels in dental plaque 
(Makinen et al. 2005, Runnel et al. 2013). A study using dual-species biofilms shows that 
erythritol is possibly also effective against gingivitis by reducing the relative abundance of 
P. gingivalis compared to S. gordonii. In this chapter, the effects of erythritol on a gingivitis 
biofilm is studied.

To get more insight in microbial interactions in the oral cavity, the effect of several 
quorum sensing inhibitors on complex oral biofilms is described in chapter 5. A panel of 3 
quorum sensing inhibitors, and the precursor for AI-2 (DPD) were tested. Pathology-related 
phenotypes of the treated and untreated biofilms are compared. One inhibitor significantly 
reduced lactic acid production of cariogenic biofilms without extensive inhibition of biofilm 
formation. Therefore, the effect of this quorum sensing inhibitor is described in more detail.

This thesis ends with final remarks and a summary which summarizes the findings and 
conclusions.
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