
UvA-DARE is a service provided by the library of the University of Amsterdam (https://dare.uva.nl)

UvA-DARE (Digital Academic Repository)

Ecological dynamics of oral microbial communities

Koopman, J.E.

Publication date
2016
Document Version
Final published version

Link to publication

Citation for published version (APA):
Koopman, J. E. (2016). Ecological dynamics of oral microbial communities. [Thesis, fully
internal, Universiteit van Amsterdam].

General rights
It is not permitted to download or to forward/distribute the text or part of it without the consent of the author(s)
and/or copyright holder(s), other than for strictly personal, individual use, unless the work is under an open
content license (like Creative Commons).

Disclaimer/Complaints regulations
If you believe that digital publication of certain material infringes any of your rights or (privacy) interests, please
let the Library know, stating your reasons. In case of a legitimate complaint, the Library will make the material
inaccessible and/or remove it from the website. Please Ask the Library: https://uba.uva.nl/en/contact, or a letter
to: Library of the University of Amsterdam, Secretariat, Singel 425, 1012 WP Amsterdam, The Netherlands. You
will be contacted as soon as possible.

Download date:24 May 2023

https://dare.uva.nl/personal/pure/en/publications/ecological-dynamics-of-oral-microbial-communities(9f6545da-491f-4e03-979a-31bf15de7f95).html


Chapter 1 

 

General introduction 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Parts of this general introduction are derived from the book: The Human Microbiota 
and Microbiome (ed. J.R. Marchesi), CAB International (2014), Chapter 2: The Oral 

Microbiome. Zaura E, Koopman JE, Fernandez y Mostajo  M and Crielaard W. 
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The human oral cavity is an ecosystem, not very different from, let’s say, a temperate forest… 

The difference is in the components that make up the ecosystem. When imagining a forest, most 

likely trees come to mind, a variety of birds, some mammals, some insects, moss, mushrooms, 

and maybe even bacteria. In the human oral ecosystem, the key components are (usually) e.g. 

teeth, a tongue, saliva, human host factors and a range of microorganisms.  

Disbalance can occur in all ecosystems. When in a forest a certain species disappears, due to 

either biotic or abiotic factors; a shift will follow in the number of remaining species. Some 

species will become more abundant, while others diminish or even disappear. In addition, the 

shift from the original state of the ecosystem might give room to new species. 

A similar shift can happen in the human oral cavity and such a shift can influence the state of 

the ecosystem toward health or disease. 

 

 

The human oral ecosystem 

The human oral microbiome is defined as all the microorganisms that are found on or in the 

human oral cavity and its contiguous extensions such as tonsils and pharynx1. The oral cavity 

includes several distinct microbial habitats, such as dental surfaces and gingival crevice or sulcus, 

tongue (its papillae and crypts), and different keratinized (gingiva and hard palate) and non-

keratinized (cheeks, lips, soft palate) mucosal surfaces. Each of these habitats contain specific 

ecological niches that select for distinct microbiota2, 3. 

In fact, the human oral microbiota span all domains of life. Archaea for example, which form 

one of the domains of life and microscopically resemble bacteria, while they possess genes and 

metabolic pathways closely resembling eukaryotes, were regarded as ‘extremophiles’; yet, they 

have been isolated from the oral cavity4-6. Protists, single-cellular eukaryotes of the kingdom 

Protozoa inhabit the oral cavity as well. Although generally associated with disease, at least two 

members of this kingdom are thought to be harmless commensals7. Fungi are members of the 

Eucarya domain of life. A range of fungal genera, e.g. Cladosporium, Aureobasidium, 

Saccharomycetales, Aspergillus, Fusarium8, have been detected in the oral cavity, with Candida being 

the most abundant, as it was detected in 15-75% of the healthy population9. So far, members of 

the kingdom fungi in the oral cavity are regarded as opportunistic pathogens that become 

pathogenic especially in immunocompromised hosts10, 11.  

Of course, the human host factors play an indispensable role in the oral ecosystem. Not only the 

immune cells that should keep pathogenic microorganisms in check, but also compounds 

produced by the host such as the non-immune salivary protein histatin 5, that kills Candida 

albicans12, 13, or the glycoprotein mucin, which serves a protective role in the oral cavity, in part 

by influencing the adhesion of bacteria to tooth surfaces14, 15. Moreover, certain mucins were 

shown to inhibit human immunodeficiency virus activity16, 17.  

Viruses are biological entities that, according to some, cannot be considered alive since they 

need cells to evolve and replicate18. Still, viruses are no strangers in the oral cavity. For instance, 

members of the herpesvirus family are commonly found in the oral cavity and can be present in 
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high numbers in systematically healthy adults19. Yet, bacteriophages, viruses that infect bacteria, 

are the most abundant of viruses in the oral cavity20, likely exceeding bacteria in number and 

diversity. Moreover, according to some calculations, there are more bacteriophages on Earth, 

than stars in the universe20. Bacteriophages in the oral cavity are thought to play an important 

role in horizontal gene transfer and antibiotic resistance, although much remains to be 

elucidated on their role in health and disease in the oral cavity. 

Although viruses might be the most numerous in the oral cavity, bacteria are still the most 

abundant cellular microorganisms20 and the most well-studied, ever since the (often and 

rightfully cited) discovery by Antoni van Leeuwenhoek in 168321. Indeed, the first bacteria ever 

seen by a human eye were of oral origin, and oral bacteria are the main focus of this thesis. 

 

Changing methodologies 

For quite some time, microscopy and culturing where the techniques used to investigate 

bacteria. These techniques are outstanding to identify bacteria and their metabolic capacities. 

However, the disadvantage of culturing is that many bacteria cannot be readily grown in a 

laboratory, either because they do not grow as a single species or because the specific 

circumstances in which they need to grow are not known22, 23. The advent of molecular 

techniques brought change, especially the sequencing of DNA. While the structure of DNA was 

discovered in 1953, it was not until 1965 that the first nucleic acid sequence was determined24-26. 

From then on, the technique of DNA sequencing started to progress and led to the 

development of automated Sanger sequencing27, 28. Automated Sanger sequencing was the 

dominant sequencing technique for two decades and still counts as the golden standard in 

sequencing27, 29. Yet, next generation sequencing (NGS) methods have taken over the field of 

DNA sequencing in a rapid pace since the last decade29. Although the techniques that form the 

basis of NGS differ per company, they all have in common the rapid parallel sequencing of 

DNA with ever decreasing costs29-32. This has truly revolutionized the DNA analysis in all fields 

and the technical developments are far from coming to an end.  

 

The 16S rRNA gene 

Of special interest when it comes to sequencing of bacterial DNA, is the 16S rRNA gene. This 

common household gene, encoding the small ribosomal subunit, is strongly conserved among 

bacteria and generally used as a biomarker. The use of the 16S rRNA gene was pioneered by 

Woese and Fox33 and can be regarded as one of the great advancements in microbial ecology. As 

stated earlier, for a long time, culturing was the main method to identify bacteria. However, the 

majority of bacteria cannot be readily cultured in a laboratory because, for instance, they lack 

specific symbionts, nutrients or growth surfaces22, 23. This is where the 16S rRNA gene comes in 

handy. It contains conserved regions, to which primers can anneal and variable regions, that can 

distinguish closely related species34 (Fig. 1). If a sample consists of a mixture of bacterial species, 

the 16S rDNA can be amplified using the polymerase chain reaction (PCR) and primers 

annealing to the conserved regions of the gene. Subsequently, the obtained 16S rRNA gene 

fragments can be cloned into a vector which is then transferred to for instance Escherichia coli to 
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be multiplied before sequencing. NGS has made this cloning step redundant, saving time and 

errors induced by cloning. The combination of NGS and the 16S rRNA gene has resulted in a 

great number of publications regarding the identification of bacteria in a range of environments3, 

33, 35-45.  

 
Figure 1: Schematic representation of the 16S rRNA gene. The black areas represent the regions that are 
highly conserved among bacteria and the white areas represent the variable regions. Primers can anneal to 
the conserved regions and amplify the variable regions. 

 

However, a word of caution is in order regarding 16S rDNA, because it does not always provide 

a correct distinction between species. For instance, distinct bacterial species might be regarded 

as the same species, based on the similarity of their 16S rRNA gene, while the rest of their 

genome is significantly different46, 47. Fortunately, times are changing fast, and metagenomics 

through NGS is becoming a rational option for the investigation of microbial communities in 

order to identify members and their specific function within their ecological niche.  

 

Current stance on oral bacteria 

Thus far, genetic information of 712 (14-01-2016) bacterial species from the human oral cavity 

have been deposited in the Human Oral Microbiome Database1, 48. Of these 712 species, ~34% 

is still uncultivated.  

Instead of classification into species, NGS data results into operational taxonomic units (OTUs) 

that are defined as a cluster of sequences at a certain (e.g. 97%) similarity threshold.  

Individual oral cavities have been shown to harbor between 540 – 6503 and 600 - 420049 OTUs. 

Furthermore, it was shown that of about 8000 OTUs that were found in pooled dental plaque 

from 98 individuals, the 1000 most abundant OTUs represented 95% of all sequences. In other 

words, the majority of the taxa that contribute to the immense diversity of oral microbiome are 

present at a very low abundance. Based on the rank abundance curve, the overall species 

richness, i.e. how many types there would be found until the accumulation curve reaches the 

plateau, can be calculated. This way it has been estimated that overall diversity of oral 

microbiome would plateau above 10,000 OTUs50. 

 

In sickness…  

Until recently, most research on oral bacteria was focused on a few, mostly pathogenic, bacterial 

species. This narrow focus was mainly an effect of the limited techniques.  

A range of infectious diseases is coupled to the oral cavity. Caries in fact, is regarded as the most 

prevalent infectious disease worldwide51. Caries, in brief, is the result of demineralization of the 
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teeth caused by the production of short chain fatty acids by bacteria. Until not too long ago, 

only a few bacterial species were associated with caries, mostly Streptococcus mutans52. By now it is 

understood, partially due to new techniques, that many more bacteria are involved in the caries 

process, for example members of the genera Veillonella, Cryptobacterium, Lactobacillus, 

Propionibacterium53-55.  

Periodontal diseases, such as periodontitis and gingivitis, are other prevalent oral diseases 

besides caries. Similar to caries, plaque associated periodontitis was linked to a limited number 

of bacterial species (Porphyromonas gingivalis, Treponema denticola, Actinobacillus actinomycetemcomitans, 

Bacteroides forsythus, Campylobacter rectus, Eikenella corrodens, Prevotella intermedia, Prevotella nigrescens56, 

57). New sequencing techniques have added more taxa to this list, including candidate division 

TM758 and Filifactor alocis59. 

Interestingly, certain caries-associated bacteria appear to be health-associated regarding 

periodontal disease, e.g. Streptococcus mutans39, 60-62, Lactobacillus fermentum63 and Atopobium species64. 

The opposite is true for certain periodontal pathogens, e.g. Campylobacter rectus37, Selenomonas 

noxia65 and Fusobacterium nucleatum65-67, being more associated with health in comparison to dental 

caries. Most likely, the explanation for these ‘bad guys with a good conscience’ is the 

antagonistic ecology behind the two diseases – high pH in the inflamed periodontal pockets or 

low pH at the sites with an active caries process. This way the microbiota may be harmful at one 

condition, but become beneficial at the other. For instance, in case of S. mutans and lactobacilli, 

these aciduric bacteria, if present in the periodontal pockets, will decrease the local pH and 

inhibit the periodontal pathogens that thrive at a pH above 768.  

 

…and in health 

Technical advancements have allowed for a broader view of oral bacteria and the focus has 

started to turn to those bacteria that are associated with health. A human oral ecosystem can be 

regarded as healthy when the ecosystem can adapt to change without collapsing69.  

The healthy oral microbiome research era was initiated by the landmark study from researchers 

at the Forsyth Institute where the oral microbiome was profiled in five healthy individuals2. 

Since then oral microbiomes of a number of healthy individuals at various ages and samples 

from different intraoral locations have become available3, 24, 70-72. Members of the genera 

Neisseria, Corynebacterium, Rothia, Actinomyces, Haemophilus, Veillonella, Streptococcus, Fusobacterium, 

Prevotella, Capnocytophaga and Granulicatella are often associated with health3, 50, 70. 

 

Je maintiendrai  

If the healthy state of the oral cavity is known, it is also possible to steer a diseased oral 

ecosystem in the healthy direction, or to enhance the resilience of a healthy ecosystem.  

Diverse methods are used to obtain or maintain a healthy state of the oral cavity. Of course this 

includes regular dental checkup and the regular mechanical removal of biofilm by tooth 

brushing, flossing etc. In addition, specific compounds added to oral care products may enhance 

the resistance of the oral ecosystem to certain diseases. One of the most ubiquitous of these 

compounds is the anti-caries agent fluoride. Fluoride inhibits demineralization and enhances 
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remineralization of enamel73, 74. Although fluoride can exhibit some effect on microbial 

composition, the anti-caries effect is mostly physiochemical73, 75.   

 

 
Figure 2: Schematic representation of bacterial arginine metabolism through the arginine deiminase system 
(ADS). Arginine derived from food or toothpaste is subsequently converted to L-citrulline, L-ornithine, 
carbamoylphosphate and carbon dioxide. At two steps in this pathway, ammonia is formed. The formation 
of ammonium through protonation of ammonia facilitates a pH-raising effect. The ADS enzymes are 
shown in italics. 

 

Compounds that do function as a bacterial substrate and influence their metabolism are known 

as prebiotics76. The amino acid arginine can be regarded as a prebiotic in the oral cavity. 

Through the bacterial arginine deiminase system, a pathway consisting of three genes, arginine is 

hydrolyzed and converted to, amongst others, ammonia77. The formation of ammonium 

through the protonation of ammonia reduces the acidity in the oral cavity, thus providing a less 

cariogenic environment78, 79 (Fig. 2).   

The anion nitrate is emerging as a potential health benefactor, in part because it is the precursor 

of nitric oxide, a molecule that is coupled to a range of functions in the human body, while 

nitrate is also thought to have an anti-caries effect80-85.  The mechanisms behind the anti-caries 

effect of nitrate are not fully understood yet, although several suggestions have been made, 

namely; the formation of nitric oxide under acidic conditions is lethal for acid producing 

bacteria, the pH in the oral cavity is raised by the production of ammonium or acids are being 

scavenged by the nitrate reducing pathway84-86 (Fig. 3).  Moreover, nitrate metabolism in the oral 

cavity is a clear example of interaction between host and bacteria. The host consumes food 

containing nitrate, this food including nitrate is swallowed, concentrated in salivary glands (up to 

ten times more compared to plasma) and readily available for bacteria residing in the oral 

cavity87-89. 
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In vivo or in vitro 

As stated before, the first microorganisms to be observed by Antoni van Leeuwenhoek were of 

oral origin. This is possibly due to one of the advantages of studying oral microorganisms, 

namely that the oral cavity is easily accessible, e.g. plaque and saliva samples can be taken without 

the need for subjects to undergo invasive treatment. Another advantage of a clinical study is that 

oral diseases are often multifactorial and it is difficult to mimic all of the factors in an in vitro 

experiment.  

There are however a few drawbacks concerning in vivo studies. First of all, they require the 

compliance of the subjects. Secondly, certain treatments might be unpleasant or unethical, for 

instance a compound that needs to be added every hour or at a very high dose. And for some 

experiments, a large biomass is required, more than can be obtained from the oral cavity. 

Additionally, there might be a lot of variability due to different host-related factors. 

 
Figure 3: Schematic representation of nitrate reduction. Food containing nitrate is ingested, through the 
intestines nitrate is absorbed in the blood and excreted in a high concentration in the salivary glands. Oral 
bacteria convert the nitrate to nitrite. The nitrite is converted to nitric oxide in the acidic environment of 
the stomach. 
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In these cases, the use of a model system is a great advantage. Over the years, quite a few 

systems that represent the oral cavity have been designed, all with their own advantages and 

drawbacks90-92.  

One of these systems is the multi-plaque artificial mouth (MAM) biofilm model, designed by 

dr. Christopher Sissons and colleagues93, 94 (Fig. 4). This partially computer-controlled system 

allows for a continuous supply of medium, while additional compounds, such as sucrose, 

arginine or nitrate, can be added automatically or manually at designated intervals. A maximum 

of twelve microcosms can be grown simultaneously, receiving different treatments, under the 

same experimental conditions (Fig. 5). The microcosms can grow for several weeks under 

temperature and gas flow controlled conditions. In addition, the pH within the microcosms can 

be measured.  

As all systems, the MAM has its own drawbacks. The largest disadvantage is the time it takes to 

prepare a run and to maintain the system during a run. In addition, the number of stations is 

limited, although twelve is the maximum, only the eight-station MAM was manageable in ACTA 

due to the size of the autoclave. This limits the number of conditions that can be tested 

simultaneously.  

However, these drawbacks do not outweigh the advantages. One of the great advantages of the 

MAM is the relatively large amount of biomass that can be harvested (Fig. 6). Multiple samples 

of the same microcosm can be taken at a single time-point, to be used for subsequent 

procedures such as DNA isolation, acid measurements or ammonium assays. Moreover, the 

microcosms grow under strictly controlled conditions. 

 

 
Figure 4: Schematic configuration of the MAM. Adapted from Wong L (2001)95. 
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Figure 5: Cross-section of a microcosm growth station. 
Adapted from Wong, L (2001)95. 

 Figure 6: A three week old MAM 
microcosm 

 

Aim of the thesis 

The general aim of this thesis was to elucidate the processes that underlie the human oral 

ecosystem with a special interest in maintaining or obtaining a healthy state. This research 

includes clinical as well as in vitro research and addresses the effects of fluoride, arginine and 

nitrate on oral microbiota.   

 

Outline of the thesis 

In contrast to the aesthetic effect of orthodontic treatment, the knowledge on how it influences 

the oral microbiota and the consequential effects on oral health are limited. Therefore, a 

randomized controlled clinical trial was conducted, described in Chapter 2, aimed at elucidating 

the effects of a fluoride mouthwash and fixed orthodontic appliances on the oral microbiome 

and health status of adolescents. In this randomized controlled clinical trial we investigated the 

changes introduced in the oral ecosystem, during and after orthodontic treatment with fixed 

appliances in combination with or without a fluoride mouthwash. We followed several clinical 

parameters in time, in combination with microbiome changes using next-generation sequencing 

of the bacterial 16S rRNA gene.  

 

Bacterial metabolism of arginine in the oral cavity has a pH-raising and thus, potential anti-caries 

effect. However, the influence of arginine on the oral microbial ecosystem remains largely 

unresolved. In the clinical pilot study described in Chapter 3, the effect of toothpaste 

containing 8% arginine on the oral ecosystem was investigated. In this study, nine healthy 

individuals used toothpaste containing 8% arginine for eight weeks. Saliva and plaque were 

obtained to investigate changes in the oral microbial composition as well as the production of 

lactate and ammonium.  
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The effect of arginine was tested in vitro as well, using the multi-plaque artificial mouth (MAM) 

biofilm model. In this experiment, the MAM was inoculated with saliva from a healthy volunteer 

and microcosms were grown for four weeks. Half of the microcosms received a continuous 

supply of arginine that was added to the artificial saliva. During the course of this experiment, 

which is described in Chapter 4, samples were taken from the microcosms to investigate the 

bacterial composition, the presence of Candida, and formation of different short chain fatty acids 

and ammonia. 

 

The MAM was also used to test the effect of a continuous supply of nitrate on oral microcosms. 

Nitrate is gaining recognition as a compound that can positively affect human health. Especially 

the microbial conversion of nitrate to nitrite in the oral cavity and the subsequent conversion to 

nitric oxide in the stomach are of interest in this regard. Yet, how nitrate influences the 

composition and biochemistry of the oral ecosystem is not fully understood. In the experiment 

described in Chapter 5, the MAM was inoculated with saliva from two healthy donors, and 

microcosms were grown for four weeks. Half of the microcosms received a continuous supply 

of nitrate in addition to artificial saliva. Samples were taken from the microcosms weekly to 

investigate the effect of nitrate on bacterial composition, nitrate reducing capacity, and short 

chain fatty acid and ammonium formation. 

 

The previous chapters are summarized and discussed in Chapter 6, including possibilities for 

future research.  
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