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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 



Chapter 1 

11 

 

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 



General introduction 

12 

 

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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While the aesthetic effect of orthodontic treatment is clear, the knowledge on how it influences 

the oral microbiota and the consequential effects on oral health are limited.  

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, of 10-16.8 year old individuals (N = 91). We followed several 

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

sequencing of the bacterial 16S rRNA gene.  

During the course of our study, the oral microbial community displayed remarkable resilience 

towards the disturbances it was presented with. The effects of the fluoride mouthwash on the 

microbial composition were trivial. More pronounced microbial changes were related to gingival 

health status, orthodontic treatment and time. Periodontal pathogens (e.g. Selenomonas and 

Porphyromonas) were highest in abundance during the orthodontic treatment, while the health 

associated Streptococcus, Rothia and Haemophilus gained abundance towards the end and after the 

orthodontic treatment. Only minor compositional changes remained in the oral microbiome 

after the end of treatment. 

We conclude that, provided proper oral hygiene is maintained, changes in the oral microbiome 

composition resulting from orthodontic treatment are minimal and do not negatively affect oral 

health.  

 

Introduction 

The aesthetic effects of orthodontic treatment are often readily visible; in contrast to the effect 

orthodontic treatment might have on the non-visible part of the oral cavity - the microbiome.  

The possible changes in the oral microbiome during orthodontic treatment are likely to be 

related to, the more easy observable, clinical parameters. For instance, the impaired gingival 

health status1, 2 and increased plaque formation3, 4 that are associated with the placement of fixed 

orthodontic appliances. Besides, the latter could lead to the formation of white spot lesions, 

creating an undesirable aesthetic effect and possibly resulting in a cavity in need of 

restauration5, 6.  

So far, studies aimed to investigate the changes in bacterial taxa during orthodontic treatment, 

used culturing or targeted molecular approaches, allowing for a limited number of opportunistic 

pathogenic species to be observed7-10. This implies that the response of the entire microbiome to 

orthodontic treatment is unclear, as are the possible long-term changes in bacterial composition.  

A full understanding of the effects of fixed orthodontic appliances on the oral microbiome and 

the consequences on clinical parameters, should allow for the preservation of a healthy oral 

cavity during and after orthodontic treatment, justifying orthodontic treatment. 

Our aim was to investigate the changes introduced in the oral ecosystem during and after 

orthodontic treatment in combination with a fluoride mouthwash. To our knowledge, this is the 

first study to investigate the dynamics of the oral microbiome of adolescents during orthodontic 

treatment, and the use of a fluoride mouthwash using an open-ended molecular approach.  
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Materials and Methods  

Sampling and treatment 

A randomized placebo-controlled parallel clinical trial was performed as described by van der 

Kaaij et al.11. The study was approved by the Medical Ethical Committee of the VU Medical 

Centre of the VU University of Amsterdam (VU-METc 2009/026 and Dutch trial register: 

NTR181712). The randomization allocation list was made in Microsoft Office Excel 2003 

(Microsoft, Redmond, WA, USA) using the random number generation function in the analysis 

toolpack for one variable with a discrete distribution, allocating 50% of the 120 subjects to the 

test and 50% to the control group. The study was powered on the basis of the primary outcome; 

the data presented here were secondary outcomes.  

All subjects participating in this study were scheduled to receive full fixed orthodontic 

appliances. Subjects could only be scheduled to receive full fixed orthodontic appliances if they 

maintained a proper oral hygiene and had no severe gingivitis. The guidelines at the Orthodontic 

Department at ACTA state that orthodontic appliances will not be placed when the bleeding by 

probing score is above 2 (1: 0-5% of the sites are bleeding, 2: 6-10% of the sites are bleeding, 3: 

11-20% of the sites are bleeding, 4: 21-35% of the sites are bleeding, 5: > 35% of the sites are 

bleeding), except if immediate orthodontic treatment is indicated, for example, in case of 

traumatic occlusion. 

The inclusion criteria for the study were: 10-18 yrs of age, good general health, no use of 

medication and no demineralizations in need of restauration present at a buccal surface, in 

addition to providing their written informed consent. A total of 120 subjects set to receive fixed 

orthodontic appliances in both jaws were to participate in the study. Roth Ovation Brackets 

(Dentsply, GAC International, Bohemia, NY, USA) were used and all were bonded following 

the same procedure and methods, using Transbond XT primer and adhesive (3M unitek, 

Monrovia, USA). 

In this triple-blind study, the subjects received a randomly assigned mouthwash containing 100 

ppm amine fluoride (AmF) and 150 ppm sodium fluoride (SnF2) (Elmex caries protection, 

Colgate-Palmolive Europe, Therwil, Switzerland) or a placebo, also provided by Colgate-

Palmolive Europe. The mouthwash was used from the time of bonding until debonding. The 

subjects were instructed not to use fluoride containing products, other than toothpaste, during 

the course of the study. Their dentist was informed about the study and was asked not to apply 

extra fluoride during the study period. Furthermore, the subjects received oral hygiene 

instructions after placement of the fixed appliances and were advised to use interproximal 

brushes to clean the areas of the tooth adjacent to the bracket underneath the orthodontic wire. 

The subjects were instructed not to clean their teeth 24 h before supragingival plaque samples 

for microbiome analysis were taken. These samples were obtained at six time-points during this 

study: T0 (approximately one week before placement of the fixed orthodontic appliances), T1 

(six weeks after placement), T2 (twelve weeks after placement), TD (debonding, average of 25 

months after placement), TD1 (six weeks after debonding) and TD2 (twelve weeks after 

debonding). Supragingival plaque was collected from the buccal surface of the upper left 

premolars using a sterile plastic spatula. In presence of the brackets (visits T1, T2 and TD), 

which were placed on the middle of the tooth, the plaque was collected between the gingiva and 
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the bracket. Gingival swelling often occurs within one or two months after placement of 

orthodontic appliances1, 13, 14. Hence, in cases where the gingival margin reached the bracket, the 

plaque was collected mesially and/or distally from the bracket. The plaque samples were spun 

down for 30 s at 16.100 x g and stored at -80°C.    

The number of white spot lesions of the subjects was recorded at visits T0, TD, TD1 and TD2, 

and is described in more detail by van der Kaaij et al.11. Additionally, a bleeding by probing score 

was recorded at each visit for each patient. The percentage-based bleeding score was determined 

by probing each (bonded or to be bonded) tooth mesiobuccally and distobuccally with a 

periodontal probe11. For statistical analysis, the bleeding score was dichotomized into a healthy 

(score 1) and a gingivitis (score 2-5) group.  

 

DNA isolation and sequencing 

DNA was isolated from the supragingival plaque samples as described by Zaura et al.15. The V5-

V7 regions of the 16S rDNA were used to prepare barcoded amplicon libraries for each 

sample16. The equimolar pooled samples were sequenced at the Academic Medical Center 

(Amsterdam, the Netherlands) and Macrogen Inc. (Seoul, Republic of Korea) using the 454 

FLX Titanium chemistry (Roche, Basel, Switzerland). The reads are available at NCBI’s 

Sequence Read Archive under SRP055565.  

 

Sequencing data analysis 

Quantitative Insights Into Microbial Ecology (QIIME) v1.5.0 was used to analyze the sequence 

data17. The downstream analyses and clustering into OTUs was done according to Koopman et 

al.18, with the exception that 1 ambiguous base (N = 1) was allowed. The OTUs were manually 

aligned against NCBI’s nucleotide (nr/nt) collection using Megablast19, 20 to obtain species level 

identification (Table S1).  

 

Statistical analysis 

The Shannon diversity index and Bray-Curtis similarity index were calculated using PAST v3.021. 

This program was also used to construct non-metric multidimensional scaling (nmMDS) plots 

based on the Bray-Curtis coefficient to visualize similarity between the samples. Stress < 0.2 

(Kruskal’s stress formula 1) was used as a threshold22. 

The statistical significance of individual OTUs in relation to clinical parameters was determined 

using QIIME’s paired t-test and correlation. The OTUs that were significant after FDR 

correction for multiple comparisons were analyzed further using IBM SPSS Statistics v21 (IBM 

Corp, Armonk, NY, USA). The Mann-Whitney test was used to determine if there was a 

statistically significant difference between the mouthwash groups, or gingival health status per 

visit for the phyla, genera and OTUs. The Wilcoxon Signed Ranks test was used to examine if 

there was a statistically significant difference between the visits at phylum, genus and OTU level 

and for the Shannon diversity index.  
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Results 

Study population 

A total number of 120 subjects participated in the study. Contribution of 22 subjects to this 

study was discontinued because they declined further participation, moved or failed to show up. 

For 7 of the subjects, no supragingival plaque samples could be obtained because they brushed 

their teeth prior to sampling or the quality of the reads after sequencing was poor. From the 91 

remaining subjects, one or more supragingival plaque samples were obtained. The number of 

microbiological samples obtained per visit was: T0; n = 76, T1; n = 73, T2; n = 68, TD; n = 44, 

TD1; n = 43 and TD2; n = 45. The number of subjects per mouthwash group per visit and the 

gender ratio per visit are described in Table S2. At the time of bonding, the average age of the 

subjects was 13.3 years old (SD 1.4, range 10-16.8). There was no significant difference in 

gingival bleeding between the group receiving the fluoride mouthwash and the group receiving 

the placebo at the baseline visit11. 

 

Sequencing output 

Of the processed sequencing reads, 78% passed quality control and 75% (2607737 reads) 

remained after the removal of chimeric reads. For 31 of the samples the number of reads was 

too low (8-769 reads per sample, average 227 reads); these were excluded from further analyses. 

The remaining 349 samples had an average of 7164 reads per sample (SD 5131, range 835-

28432). The reads clustered into 461 OTUs. The subsampling threshold was set at 800 reads and 

the remaining subset, containing an average of 49 OTUs per sample (SD 14, range 11-94), was 

used for further analysis.     

The reads were classified into 15 phyla and, when averaged over all time-points, dominated by 

Firmicutes (27%), Actinobacteria (22%), Proteobacteria (22%), Bacteroidetes (16%), 

Fusobacteria (11%) and Candidate division TM7 (1%). At a lower taxonomic level, the reads 

were classified into 149 genera, dominated by Streptococcus (12%), Neisseria (11%), Corynebacterium 

(9%), Veillonella (7%), Leptotrichia (7%) and Actinomyces (6%). 

 

Mouthwash effect 

Non-metric multidimensional scaling plots were made by mouthwash group per visit. These 

plots did not show any separation of the microbial profiles based on mouthwash (Fig. 1). There 

were no statistically significant differences in Shannon diversity index at any of the visits. To 

assess the stability of the microbiome composition in time, the Bray-Curtis similarity index 

between visit T0 and the subsequent visits was calculated per individual and tested for each 

mouthwash group.  The difference in similarity did not reach statistical significance at any of the 

time-points.  

There was no significant difference in relative abundance of any bacterial phylum between the 

two mouthwash groups at any visit.  

At genus level, within the placebo group, Fusobacterium decreased significantly in abundance from 

visit T0 to T1 (p = 0.049) and from T1 to T2 (p = 0.002). Between visits T2 and TD, the level of 

abundance became significantly higher again (p = 0.038) (Fig. S1). In the fluoride mouthwash 
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group, there was no significant difference in abundance of Fusobacterium between any of the 

visits. 

At the OTU level, the abundance of OTU381 (Kingella) was higher (p = 0.028) in the placebo 

group compared to the fluoride group at visit T1 (Fig. S2).  

 

 
Figure 1: Non-metric multidimensional scaling plots based on the three-dimensional Bray-Curtis 
similarity index by mouthwash. The plots are constructed per visit. Subjects receiving the fluoride 
mouthwash are symbolized by ●, the subject receiving the placebo mouthwash are indicated by ○. 
Mouthwashes were administered between visits T0 and TD. The stress for each individual plot is (a) 
0.1543, (b) 0.1465, (c) 0.1256, (d) 0.1402, (e) 0.1495 and (f) 0.1531. 

 

Gingival health 

The gingival health status of the subjects was determined by probing. To assess the relation 

between gingival health and the supragingival plaque microbiome, we dichotomized the group 

into subjects with healthy gingiva and with gingivitis. The highest prevalence of gingivitis was 

recorded at visit TD (Fig. 2). Non-metric multidimensional scaling plots based on the OTU 

profiles of each subject per time-point showed that gingivitis-microbiome profiles were less 

scattered, especially at visits T0, T1 and T2, in space compared to the healthy-gingiva 

microbiome profiles (Fig. 3).  

At the phylum level, the proportion of Bacteroidetes was higher in the individuals with gingivitis 

compared to those with healthy gingiva at visits T0 (p = 0.012) and T1 (p = 0.035) (Fig. S3a). 

The abundance of Candidate division TM7 was significantly elevated in individuals with 

gingivitis at visits T0 (p = 0.001), T1 (p = 0.029), T2 (p = 0.032) and TD2 (p = 0.037) (Fig. S3b). 

The proportion of the phylum Fusobacteria was higher in the subjects with gingivitis at visits T1 

(p = 0.031) and TD2 (p = 0.024) (Fig. S3c).  
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Figure 2: Count of subjects with healthy gingiva and gingivitis per visit. 

 

 

 
Figure 3: Non-metric multidimensional scaling plots based on the three-dimensional Bray-Curtis 
similarity index by gingival health status. The plots are constructed per visit. The subjects with healthy 
gingiva are indicated with ○, the subjects with gingivitis are indicated with ●. Stress for the individual 
plots is (a) 0.1539, (b) 0.1474, (c) 0.1265, (d) 0.1401, (e) 0.1495 and (f) 0.1531. 

 

At genus level, the relative abundance of the genus Selenomonas was significantly higher in the 

gingivitis group compared to the healthy group at visits T0 (p = 0.022), T1 (p = 0.041) and TD2 

(p = 0.012) (Fig. S4a). The same applied to Porphyromonas at visits T0, T1 and T2 (p = 0.036, p = 
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0.010 and p = 0.033, respectively) (Fig. S4b) and Johnsonella at visits T0 (p = 0.004), T1 (p = 0.013) 

and TD2 (p = 0.042) (Fig. S4c).  In contrast, the genus Derxia was significantly higher in the 

healthy group at visits T0 and T1 (p = 0.046 and p = 0.028, respectively) (Fig. S4d). The same 

was observed for the genera Haemophilus at visit T0 (p = 0.021) and visit TD2 (p = 0.024) (Fig. 

S4e) and Rothia at visit T0 (p = 0.004) (Fig. S4f).  

In agreement with the genus Rothia, OTU65 (Rothia) was significantly more abundant in the 

healthy subjects compared to those with gingivitis at visit T0 (p = 0.011) (Fig. S5a). The 

difference in abundance in OTU351 (Streptococcus) between the two groups was significant at visit 

T1 (p = 0.023) where the OTU was higher in number in the healthy group (Fig. S5b). On the 

other hand, OTU424 (Johnsonella) was more abundant in the gingivitis group compared to the 

healthy group at visits T0 (p = 0.032), T1 (p = 0.039) and TD (p = 0.044) (Fig. S5c). The OTUs 

55, 171 and 355, all three classified as Candidate division TM7, were higher in the gingivitis 

group at visit T0 (p = 0.005, 0.006 and 0.005, respectively). OTU355 was also higher at T1 (p = 

0.011), while OTU55 was higher at visit T2 (p = 0.011) in the gingivitis group (Fig. S5d-f). The 

OTU302 (Selenomonas) was significantly higher in the gingivitis group compared to the healthy 

group at T0 (p = 0.038), T1 (p = 0.045) and TD2 (p = 0.010) (Fig. S5g) as was OTU398 

(Fusobacterium) at TD2 (p = 0.012) (Fig. S5h).  

 

 

 

 
Figure 4: Non-metric multidimensional scaling plot 
based on the three-dimensional Bray-Curtis 
similarity index by time. The plot consists of 
samples of all subjects (N = 19) who were present 
at all six time points. The stress for this plot is 
0.1836. 

 Figure 5: Shannon diversity index for the entire 
study population per visit. T0; N = 76, T1; N = 
73, T2; N = 68, TD; N = 44, TD1; N = 43, 
TD2; N = 45. Statistical significance (p < 0.05) 
was determined using the Wilcoxon Signed 
Ranks test. 

 

Time 

Next, we assessed the changes in microbiome of the study population in time. An nmMDS plot 

on OTU level was constructed of the individuals (N = 19) whose samples were available from 

all six time-points. However, no discernable effects of time on the microbiome profiles were 

found (Fig. 4). The microbiome diversity became higher between visit T0 and T1 (p = 0.003) and 

became lower between visits TD and TD1 (p = 0.003) (Fig. 5).  

The abundance of the phylum Actinobacteria decreased between visit T0 and T1 (p = 0.043), 

while the same phylum increased at visits TD1 and TD2 compared to the baseline (p = 0.002, p 
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= 0.006, respectively) (Fig. S6a). The phylum Firmicutes had increased in abundance at visits T1 

(p = 0.005), TD (p = 0.021) and TD2 (p = 0.035) over visit T0 (Fig. S6b). Compared to visit T0, 

the abundance of Bacteroidetes had decreased in both post-debonding visits: TD1 (p = 0.015) 

and TD2 (p = 0.025) (Fig. S6c). Between visits T0 and TD1, the abundance of Candidate division 

TM7 decreased (p = 0.031) (Fig. S6d), while Fusobacteria decreased from T0 to T2 (p = 0.001) 

and TD1 (p = 0.001) (Fig. S6e). The abundance of Proteobacteria was significantly lower at visit 

TD compared to the baseline (p = 0.001) (Fig. S6f).  

Several genera showed significant differences in abundance between the visits (Fig. 6). 

Streptococcus became significantly more abundant at visits T1 (p = 0.036), TD (p = 0.025), TD1 (p 

< 0.001) and TD2 (p = 0.001) compared to the baseline. An increase in abundance from visit 

TD to TD1 (p = 0.048) was observed as well (Fig. S7a). The abundance of Neisseria became 

higher at visit T2 compared to T0 (p = 0.008), while at visits TD and TD1 the abundance 

became lower compared to visit T0 (p = 0.006, and p = 0.029, respectively). Moreover, the 

abundance of Neisseria increased significantly at visit T2 compared to visit T1 (p = 0.011), yet it 

was significantly lower again at visit TD (p = 0.018) (Fig. S7b). Actinomyces had increased 

significantly at the last three visits when compared to visit T0 (TD: p = 0.004, TD1: p < 0.001 

and TD2: p < 0.001) (Fig. S7c). Both Veillonella (Fig. S7d) and Porphyromonas (Fig. S7e) were only at 

visit TD significantly more abundant when compared to visit T0 (p = 0.0033 and p = 0.0011, 

respectively). Additionally, the abundance of Porphyromonas decreased significantly between T2 

and TD (p = 0.017). For Leptotrichia, the abundance became significantly lower at TD1 (p < 

0.001) and TD2 (p = 0.037) compared to the baseline (Fig. S7f). The abundance of Campylobacter 

had decreased at the last three visits compared to visit T0 (TD: p = 0.033, TD1: p < 0.001 and 

TD2: p < 0.001) (Fig. S7g). At both visits T1 and TD, Prevotella had increased in abundance 

compared to visit T0 (p = 0.004 and p = 0.001, respectively), while at TD1 the abundance had 

become significantly smaller again (p = 0.010) (Fig. S7h). For the genus Haemophilus, the only 

significant increase in abundance was between visits TD and TD1 (p = 0.033) (Fig. S7i). The 

abundance of the genus Fusobacterium was significantly lower at T2 and TD1 compared to the 

baseline (p > 0.001 and p = 0.043, respectively) (Fig. S7k). The abundance of Rothia was higher 

in the last three visits compared to the baseline (TD: p = 0.009, TD1: p < 0.001, TD2: p > 0.001) 

(Fig. S7l).  

At the OTU level, the abundance of OTU28 (Actinomyces) was higher at TD1 (p < 0.001) and 

TD2 (p = 0.001) compared to visit T0 (Fig. S8a). When compared to visit T0, the abundance of 

OTU65 (Rothia) was higher in the last three visits (TD: p = 0.009, TD1: p < 0.001, and TD2: p < 

0.001) (Fig. S8b). In addition, both OTU28 and OTU65 were elevated significantly between 

visits TD and TD1 (p = 0.049 and p = 0.002, respectively). The abundance of OTU351 

(Streptococcus) became higher between visits TD and TD1 (p = 0.033) and was significantly higher 

compared to visit T0 at visit TD1 (p < 0.001) and visit TD2 (p = 0.002) (Fig. S8c). In comparison 

to the baseline, the abundance of OTU398 (Fusobacterium) was lower at visit T2 (p < 0.001) and 

at visit TD1 (p = 0.043) (Fig. S8d). The abundance of OTU143 (Leptotrichia) decreased 

significantly between visits TD and TD1 (p = 0.003). Moreover, at visit TD1, the abundance of 

OTU143 was significantly smaller compared to visit T0 (p = 0.007) (Fig. S8e). The abundance of 

OTU151 (Campylobacter) was lower at visit TD compared to visit T2 (p = 0.032) and at TD1 the 
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abundance was lower compared to visit TD (p = 0.001). At both visits TD1 and TD2, the 

abundance of OTU151 was significantly lower compared to visit T0 (p < 0.001 and p < 0.001, 

respectively) (Fig. S8f). When compared to visit T0, the abundance of OTU302 (Selenomonas) had 

increased at visits T1 (p = 0.002), T2 (p < 0.001) and TD (p = 0.029), while the abundance had 

decreased at visit TD1 (p = 0.003) (Fig. S8g). 

 

 
Figure 6: Average proportions of the genera that differed significantly in abundance between one or 
more of the visits.  

 

Discussion 

The results of our study indicate that the fluoride mouthwash had little effect on the adolescent 

oral microbiome composition during fixed orthodontic appliance treatment. More pronounced 

were the microbial changes observed in relation to gingival health status and orthodontic 

treatment. Yet, the resilience of these adolescent oral communities was noteworthy in regard to 

the interference caused by the orthodontic treatment, fluoride mouthwash and the physiological 

changes of puberty itself. There was no observable shift in the composition of the total 

community in time (Fig. 4). A remaining change in abundance was observed for a few genera 

(Fig. 6) and, interestingly, most genera that did increase in abundance in time were associated 

with a healthy oral cavity.  

 

In this study, an amine fluoride (AmF) combined with stannous fluoride (SnF2) mouthwash was 

used to reduce the amount of demineralization, since fluoride is a well-established anti-caries 

agent23 and caries is an infectious bacterial disease. Compliance is regarded as a drawback in 

studies aiming to observe the effect of a mouthwash. Nonetheless, van der Kaaij et al.11 observed 
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that the use of an AmF/SnF2 mouthwash inhibited formation of white spot lesions during this 

study. Likewise, Øgaard et al.24 observed that there was no difference in white spot lesions 

before and after orthodontic treatment of patients using an AmF/SnF2 mouthwash. Madléna et 

al.25 observed a decrease in plaque index, gingival index and bleeding on probing within one 

month in orthodontic patients using AmF/SnF2 toothpaste, regardless if the toothpaste was 

combined with an AmF/SnF2 mouthrinse. Van Loveren et al.26 did observe dental plaque 

shifting towards less acidogenic plaque, yet there was no significant difference in bacterial 

composition after the use of AmF/SnF2 products compared to fluoride-free periods. This is 

similar to our findings, as we did not observe a clear effect of the fluoride mouthwash on the 

microbial composition. Although it is suggested that fluoride has antibacterial properties, its 

main effect appears to be on the demineralization and remineralization processes in the oral 

cavity27-30.  

 

We did observe that the abundance of several bacterial taxa was associated with the gingival 

health status of the subjects. Gingivitis during orthodontic treatment is presumably related to 

plaque accumulation caused by the newly created retention sites and consequently impaired oral 

hygiene5. Yet, it is not only the orthodontic treatment that is related to the onset of gingivitis in 

these subjects, for ‘puberty itself’ is also associated with increased gingivitis31-33. Generally, 

orthodontic treatment takes place during adolescence, as was the case in our study. During this 

period, the human body experiences many (e.g. behavioral and hormonal) changes34.  

The exact reason why gingivitis becomes prevalent in this age-group is unclear but hormonal 

changes are likely to play a part. Our study did not include a control group of adolescents that 

did not receive orthodontic treatment. Therefore it is difficult to discern which microbial 

changes are related to the orthodontic treatment, and which ones to the onset of puberty. Thus 

far, most studies regarding the (changes in the) oral microbiome during adolescence or 

orthodontic treatment have focused on a limited number of bacteria, due to the nature of their 

techniques. 

 

The use of an open-ended molecular approach allowed us to detect Candidate division TM7 

(and OTUs 55, 171, 355) (Fig. S3b and Fig. S5d-f). Next-generation sequencing has demonstrated 

that these bacteria, of which only recently a member was grown as a pure laboratory culture35, 

are widespread in the human oral cavity36. Crielaard et al.37 reported that Candidate division TM7 

increased with advancing age, in a study regarding children aged 3-18 years. Duran-Pinedo et al.38 

presumed a role for Candidate division TM7 in periodontitis. We found Candidate division TM7 

to be associated with gingivitis, in accordance with Huang et al.39. 

Interestingly, we observed the presence of the genus Derxia (Fig. S4d), although low in 

abundance in our study population, to be related to a healthy state of the gingiva. Members of 

this genus are known to fix nitrogen in different environmental habitats40, 41. Recently Derxia has 

been observed as a member of the human (and canine) oral cavity42-44, yet its role in this 

particular environment remains to be elucidated.   

Well-known inhabitants of the oral cavity are members of the genus Prevotella; often associated 

with an unhealthy state of the periodontium45. Moreover, an increase of Prevotella intermedia has 
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been associated with orthodontic treatment9, 14, 46. In addition, van Gastel et al.46 observed a 

decrease of P. intermedia after the removal of the orthodontic appliances. This coincides with our 

finding of the abundance of the genus Prevotella (Fig. S7h). Hence, there appears to be an 

association between orthodontic treatment and the prevalence of Prevotella, although Choi et al.7 

did not find a significant decrease of Prevotella after orthodontic treatment was ended. This 

discrepancy might be due to difference in sampling sites or detection techniques.   

In this study, we found that the genus Actinomyces increased with time (Fig. S7c), while OTU28 

(Actinomyces naeslundii) increased mainly after debonding (Fig. S8a). According to Delaney et al.47 

the levels of A. naeslundii are higher in prepubertal subjects compared to postpubertal subjects. 

Gusberti et al.48 observed that the levels of the species Actinomyces odontolyticus elevate during 

puberty. Tanner et al.49 found Actinomyces sp. to be associated with gingivitis, whereas Tsuruda et 

al.50 observed a relation between Actinomyces species and healthy pubertal children. These diverse 

findings indicate that the role of Actinomyces in the oral microbiome cannot be determined on 

genus level, yet it does not explain the contradictory findings of the study by Delaney et al.47 and 

our own results. Although sampling site and used technique might again be of influence. 

The genus Veillonella had previously been shown to increase during adolescence37, 51. In this 

study population however, the abundance of Veillonella remained stable throughout time (Fig. 

S7d). In addition, the abundance of Veillonella was not significantly different between the two 

mouthwash groups or between the healthy and gingivitis groups. 

Both the genus Campylobacter (Fig. S7g) and OTU151 (Campylobacter gracilis) (Fig. S8f) decreased 

with time. A similar pattern of decrease has been observed for Campylobacter rectus7-9. This 

decrease could be explained primarily by the reduction of retention sites due to the alignment of 

the teeth and secondly by the removal of the orthodontic fixed appliances, causing an additional 

loss of retention sites.  

A similar decrease in time was observed for the genera Porphyromonas (Fig. S7e) and Selenomonas 

(Fig. S7j). Additionally, we found that Porphyromonas (Fig. S4b), Selenomonas (Fig. S4a) and 

OTU302 (Selenomonas) (Fig. S5g) were associated with gingivitis. Members of both these genera 

are among the main periodontal pathogens39, 52. Therefore their decrease in time might be 

considered desirable. Why they decrease in time, if it is e.g. the reduction in retention sites 

through alignment of the teeth or hormonal changes in the host, remains unclear.  

Neisseria became lower in abundance during the advancement of the visits (Fig. S7b), in 

agreement with Moore et al.51, who found this genus to be more associated with prepubertal 

children than older children. Thus far, most studies investigating the oral microbiome during 

orthodontic treatment or puberty did not target members of the genus Neisseria. Nonetheless, 

Tanner et al.49 found Neisseria elongata to be associated with reduced gingivitis in orthodontic 

patients. They made the same observation for Fusobacterium periodonticum.  

Tsuruda et al.50 found Fusobacterium sp. to be more abundant in pubertal children with gingivitis 

compared to healthy children. Fusobacterium nucleatum is regarded as a bridging organism in the 

formation of dental biofilms53. This might explain our observation that the genus Fusobacterium 

decreases during the orthodontic treatment, yet increases again in time (Fig. S7k). The additional 

retention sites created by the brackets leave Fusobacterium superfluous in the formation of 

biofilms. On the other hand, Wojcicki et al.54 found that Fusobacterium sp. was lower in their 
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circumpubertal group compared to a younger and older test group, suggesting that the presence 

of Fusobacterium sp. is influenced by the physiological maturity of the host.         

In contrast to Fusobacterium, the abundance of the genus Streptococcus (Fig. S7a) and OTU351 

(Streptococcus) (Fig. S8c) showed an increase in time without decreasing first. Increase in 

Streptococcus abundance in puberty has been observed before51, although we cannot identify this 

member of the genus Streptococcus on species level, we speculate that it is associated with a 

healthy state of the gingiva.  

Haemophilus (Fig. S4e), Rothia (Fig. S4f) and OTU65 (Rothia) (Fig. S5a) were associated with a 

healthy state of the gingiva as well. Their increase after debonding appeared to coincide with the 

decrease in gingivitis after debonding (Fig. 2). Members of these two genera were usually not 

included as target microorganisms in studies of the oral microbiome during puberty or 

orthodontic treatment. Although the role of Haemophilus in health and disease of the oral cavity 

remains somewhat ambiguous, Rothia is generally associated with health15, 55.   

In conclusion, the effects of the fluoride mouthwash on the adolescent microbiome were 

indiscernible and promoted neither health nor disease associated bacterial growth. Yet, van der 

Kaaij et al.11 did observe fewer demineralizations in subjects using the fluoride mouthwash 

compared to those using the placebo. Thus, the use of a fluoride mouthwash during orthodontic 

treatment might be beneficial for the health status of the oral cavity.  

Nevertheless, we did observe changes in the abundance of various bacteria. In general, the 

bacteria that were associated with periodontal pathogenesis decreased in abundance in time, 

while the abundance of the health related bacteria increased, suggesting that orthodontic 

treatment during puberty does not have a lasting negative effect on the gingival health status. 

Still, the lack of an age-related control group not receiving orthodontic treatment precludes us 

from making a clear distinction between microbial changes instigated by puberty and the effects 

on the oral ecology caused by orthodontic treatment with fixed appliances. A future study 

including such a control group would be necessary to determine which microbial changes are 

truly caused by the presence of orthodontic appliances, allowing for the maintenance of a 

healthy oral microbiome during orthodontic treatment.  
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Supplementary material 

 
Table S1  

OTU Description E-value Accession 

0 Catonella morbi clone _Z022 16S ribosomal RNA gene, partial sequence 0.0 GU407024 

2 
Bacteroides cf. forsythus oral clone BU063 16S ribosomal RNA gene, partial 
sequence 

0.0 AY008308 

12 
Porphyromonas catoniae strain JCM 13863 16S ribosomal RNA gene, 
partial sequence 

0.0 NR_113082 

28 Actinomyces naeslundii 16S rRNA gene, strain CCUG 33914 0.0 AJ234048 

40 
Bacteroidetes bacterium 'Oral Taxon 274' strain F0058 16S ribosomal 
RNA gene, partial sequence 

0.0 FJ577256 

54 
Capnocytophaga ochracea FDC 7b 16S ribosomal RNA gene, partial 
sequence 

9e-178 U41354 

55 
TM7 phylum sp. canine oral taxon 322 clone 1C049 16S ribosomal 
RNA gene, partial sequence 

4e-166 JN713492 

65 Rothia dentocariosa ATCC 17931, complete genome 0.0 CP002280 

69 Capnocytophaga sp. AHN9576 16S ribosomal RNA gene, partial sequence 0.0 DQ012327 

114 Centipeda periodontii strain HB-2 16S ribosomal RNA, partial sequence 0.0 AF458222 

143 
Leptotrichia wadei strain AGU20 16S ribosomal RNA gene, partial 
sequence 

0.0 GU561362 

151 
Campylobacter gracilis strain ATCC 33236 16S ribosomal RNA gene, 
partial sequence 

0.0 NR_118516 

157 
Neisseria sicca strain ATCC 29256 16S ribosomal RNA gene, complete 
sequence 

0.0 NR_121688 

171 
TM7 bacterium human oral taxon HOT-869 clone 4W02 16S ribosomal 
RNA gene, partial sequence 

0.0 KM018321 

185 
Actinomyces dentalis strain R18165 16S ribosomal RNA gene, complete 
sequence 

0.0 NR_025633 

218 
Prevotella saccharolytica strain D080A-01 16S ribosomal RNA gene, partial 
sequence 

0.0 FJ825150 

229 
Capnocytophaga sputigena strain NF10-3338 16S ribosomal RNA gene, 
partial sequence 

0.0 JF422019 

246 
Prevotella sp. canine oral taxon 298 clone ZY032 16S ribosomal RNA 
gene, partial sequence 

6e-150 JN713465 

271 Cardiobacterium hominis 16S ribosomal RNA gene, partial sequence 0.0 AY360343 

289 
Selenomonas sputigena strain ATCC 35185 16S ribosomal RNA gene, 
complete sequence 

0.0 NR_074905 

302 
Selenomonas noxia strain ATCC 43541 16S ribosomal RNA gene, partial 
sequence 

0.0 NR_028796 

303 
Capnocytophaga leadbetteri strain AHN8730 16S ribosomal RNA gene, 
partial sequence 

0.0 DQ012358 

306 
TM7 phylum sp. canine oral taxon 363 clone 2A026 16S ribosomal 
RNA gene, partial sequence 

9e-128 JN713533 

326 Leptotrichia sp. PG10 16S ribosomal RNA gene, partial sequence 0.0 GU561363 

332 
Bergeyella sp. AF14 16S ribosomal RNA gene, partial sequence; 16S-23S 
ribosomal RNA intergenic spacer, complete sequence; and 23S 
ribosomal RNA gene, partial sequence 

0.0 DQ241813 

345 
Lachnospiraceae bacterium canine oral taxon 346 clone 1O089 16S 
ribosomal RNA gene, partial sequence 

4e-151 JN713515 

347 Prevotella micans strain F0438 16S ribosomal RNA gene, partial sequence 0.0 HM596284 

http://blast.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_285797042
http://www.ncbi.nlm.nih.gov/nucleotide/285797042?report=genbank&log$=nucltop&blast_rank=1&RID=6T7DY4KN01R
http://blast.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_10946530
http://blast.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_10946530
http://www.ncbi.nlm.nih.gov/nucleotide/10946530?report=genbank&log$=nucltop&blast_rank=1&RID=6926CMU4015
http://blast.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_631251884
http://blast.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_631251884
http://www.ncbi.nlm.nih.gov/nucleotide/631251884?report=genbank&log$=nucltop&blast_rank=1&RID=692GWF19013
http://blast.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_12641597
http://www.ncbi.nlm.nih.gov/nucleotide/12641597?report=genbank&log$=nucltop&blast_rank=12&RID=692N4JUH015
http://blast.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_237506917
http://blast.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_237506917
http://www.ncbi.nlm.nih.gov/nucleotide/237506917?report=genbank&log$=nucltop&blast_rank=1&RID=6T7J674Y01R
http://blast.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_1199615
http://blast.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_1199615
http://www.ncbi.nlm.nih.gov/nucleotide/1199615?report=genbank&log$=nucltop&blast_rank=3&RID=6T82K8CU01R
http://blast.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_373279792
http://blast.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_373279792
http://www.ncbi.nlm.nih.gov/nucleotide/373279792?report=genbank&log$=nucltop&blast_rank=1&RID=692TRSD4013
http://blast.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_310943164
http://www.ncbi.nlm.nih.gov/nucleotide/310943164?report=genbank&log$=nucltop&blast_rank=4&RID=692YFBTP013
http://blast.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_110338294
http://www.ncbi.nlm.nih.gov/nucleotide/110338294?report=genbank&log$=nucltop&blast_rank=1&RID=6935UR0M015
http://blast.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_18087495
http://www.ncbi.nlm.nih.gov/nucleotide/18087495?report=genbank&log$=nucltop&blast_rank=1&RID=6T80G0NE01R
http://blast.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_290759861
http://blast.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_290759861
http://www.ncbi.nlm.nih.gov/nucleotide/290759861?report=genbank&log$=nucltop&blast_rank=1&RID=693A326N01R
http://blast.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_645321585
http://blast.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_645321585
http://www.ncbi.nlm.nih.gov/nucleotide/645321585?report=genbank&log$=nucltop&blast_rank=2&RID=6960BGP0015
http://blast.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_659364471
http://blast.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_659364471
http://www.ncbi.nlm.nih.gov/nucleotide/659364471?report=genbank&log$=nucltop&blast_rank=2&RID=6T84Y88P01R
http://blast.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_675823454
http://blast.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_675823454
http://www.ncbi.nlm.nih.gov/nucleotide/675823454?report=genbank&log$=nucltop&blast_rank=1&RID=69649W3U013
http://blast.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_219846043
http://blast.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_219846043
http://www.ncbi.nlm.nih.gov/nucleotide/219846043?report=genbank&log$=nucltop&blast_rank=1&RID=6966BA6G015
http://blast.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_226428668
http://blast.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_226428668
http://www.ncbi.nlm.nih.gov/nucleotide/226428668?report=genbank&log$=nucltop&blast_rank=1&RID=696C4HYJ01R
http://blast.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_328931289
http://blast.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_328931289
http://www.ncbi.nlm.nih.gov/nucleotide/328931289?report=genbank&log$=nucltop&blast_rank=1&RID=6T890EV901R
http://blast.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_373279737
http://blast.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_373279737
http://www.ncbi.nlm.nih.gov/nucleotide/373279737?report=genbank&log$=nucltop&blast_rank=1&RID=6T8BV6V501R
http://blast.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_33943965
http://www.ncbi.nlm.nih.gov/nucleotide/33943965?report=genbank&log$=nucltop&blast_rank=1&RID=696K5Z8H01R
http://blast.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_444439590
http://blast.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_444439590
http://www.ncbi.nlm.nih.gov/nucleotide/444439590?report=genbank&log$=nucltop&blast_rank=2&RID=69CP1B04015
http://blast.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_265678493
http://blast.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_265678493
http://www.ncbi.nlm.nih.gov/nucleotide/265678493?report=genbank&log$=nucltop&blast_rank=1&RID=69CSPZF0013
http://blast.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_110338299
http://blast.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_110338299
http://www.ncbi.nlm.nih.gov/nucleotide/110338299?report=genbank&log$=nucltop&blast_rank=1&RID=69CUDZMY013
http://blast.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_373279869
http://blast.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_373279869
http://www.ncbi.nlm.nih.gov/nucleotide/373279869?report=genbank&log$=nucltop&blast_rank=1&RID=6T8E2H2Z01R
http://blast.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_290759862
http://www.ncbi.nlm.nih.gov/nucleotide/290759862?report=genbank&log$=nucltop&blast_rank=1&RID=6T8XG9AP015
http://blast.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_79083435
http://blast.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_79083435
http://blast.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_79083435
http://www.ncbi.nlm.nih.gov/nucleotide/79083435?report=genbank&log$=nucltop&blast_rank=1&RID=69CYK6MD015
http://blast.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_373279835
http://blast.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_373279835
http://www.ncbi.nlm.nih.gov/nucleotide/373279835?report=genbank&log$=nucltop&blast_rank=1&RID=69D1K7GC015
http://blast.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_301072774
http://www.ncbi.nlm.nih.gov/nucleotide/301072774?report=genbank&log$=nucltop&blast_rank=2&RID=6T981B0M01R
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351 Streptococcus sp. VT 162, complete genome 0.0 CP007628 

355 
TM7 phylum sp. oral taxon 348 clone BN036 16S ribosomal RNA 
gene, partial sequence 

0.0 GQ422738 

370 
Candidatus Prevotella conceptionensis strain 9403948 16S ribosomal 
RNA gene, partial sequence 

0.0 HM587326 

381 
Kingella denitrificans strain ATCC 33394 16S ribosomal RNA gene, 
complete sequence 

0.0 NR_044658 

390 
Leptotrichia buccalis strain GEJ9 16S ribosomal RNA gene, partial 
sequence 

0.0 GU561361 

398 
Fusobacterium nucleatum strain FDC 364 16S ribosomal RNA gene, partial 
sequence 

0.0 KM023647 

411 Leptotrichia buccalis DSM 1135, complete genome 9e-168 CP001685 

424 
Human oral bacterium AC32 16S ribosomal RNA gene, partial 
sequence 

0.0 AF201979 

435 Actinomyces sp. TeJ5 16S ribosomal RNA gene, partial sequence 0.0 GU561315 

453 
Peptostreptococcaceae bacterium OBRC9 16S ribosomal RNA gene, partial 
sequence 

0.0 HQ616354 

454 
Porphyromonas catoniae strain ATCC 51270 16S ribosomal RNA gene, 
partial sequence 

3e-172 NR_026230 

The BLAST results were retrieved on 13 November 2014. Sequences were aligned against the Nucleotide 
collection (nr/nt) using Megablast. Uncultured or environmental samples were excluded from the search 
results. 

 
 
 
 

 
Table S2 

  Mouthwash Gender 
Visit Total n Fluoride Placebo Male Female 

T0 76 34 42 36 40 

T1 73 34 39 38 35 

T2 68 27 41 32 36 

TD 44 16 28 20 24 

TD1 43 20 23 20 23 

TD2 45 18 27 22 23 

Number of subjects per group per visit 

 

 

 

 

 

 

 

 

 

 

 

http://blast.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_633274572
http://www.ncbi.nlm.nih.gov/nucleotide/633274572?report=genbank&log$=nucltop&blast_rank=6&RID=69D5CER9013
http://blast.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_257480637
http://blast.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_257480637
http://www.ncbi.nlm.nih.gov/nucleotide/257480637?report=genbank&log$=nucltop&blast_rank=1&RID=69D9FNT0013
http://blast.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_315435522
http://blast.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_315435522
http://www.ncbi.nlm.nih.gov/nucleotide/315435522?report=genbank&log$=nucltop&blast_rank=1&RID=69DF28V6015
http://blast.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_602269364
http://blast.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_602269364
http://www.ncbi.nlm.nih.gov/nucleotide/602269364?report=genbank&log$=nucltop&blast_rank=2&RID=69DPH2TJ015
http://blast.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_290759860
http://blast.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_290759860
http://www.ncbi.nlm.nih.gov/nucleotide/290759860?report=genbank&log$=nucltop&blast_rank=1&RID=69DTCF9R015
http://blast.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_685509839
http://blast.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_685509839
http://www.ncbi.nlm.nih.gov/nucleotide/685509839?report=genbank&log$=nucltop&blast_rank=1&RID=69DVERKG01R
http://blast.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_257048753
http://www.ncbi.nlm.nih.gov/nucleotide/257048753?report=genbank&log$=nucltop&blast_rank=3&RID=6T9GSJGB01R
http://blast.ncbi.nlm.nih.gov/Blast.cgi#alnHdr_6671217
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http://www.ncbi.nlm.nih.gov/nucleotide/219846638?report=genbank&log$=nucltop&blast_rank=2&RID=6T9MRPER01R
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Figure S1: Difference in abundance of the genus 
Fusobacterium between mouthwash groups per 
visit. The read count is displayed on the y-axis. 
Mouthwashes were administered between visits 
T0 and TD. Statistical significance (p < 0.05) was 
determined using the Mann-Whitney test 
between the two groups per visit, or the 
Wilcoxon Signed Ranks test within the same 
group between different visits. The boxes 
represent the median and interquartile range 
(IQR), the whiskers represent the minimum and 
maximum values. Outliers more than 1.5x IQR 
are depicted by ○, and more than 3x IQR by . 

 Figure S2: Difference in abundance of OTU381 
(Kingella) between mouthwash groups per visit. 
The read count is displayed on the y-axis. 
Mouthwashes were administered between visits 
T0 and TD. Statistical significance p < 0.05) was 
determined using the Mann-Whitney test 
between the two groups per visit, or the 
Wilcoxon Signed Ranks test within the same 
group between different visits. The boxes 
represent the median and IQR, the whiskers 
represent the minimum and maximum values. 
Outliers more than 1.5x IQR are depicted by ○, 
and more than 3x IQR by . 
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a) 

 

 

 

b) 

 

c) 

 
Figure S3: Difference in abundance of the phyla Bacteroidetes (a), TM7 (b) and Fusobacterium (c) based on 
gingival health status per visit. The read count is displayed on the y-axis. Statistical significance (p < 0.05) was 
determined using the Mann-Whitney test. The boxes represent the median and IQR, the whiskers represent the 
minimum and maximum values. Outliers more than 1.5x IQR are depicted by ○, and more than 3x IQR by . 
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d) 

 

 

e) 

 

f) 

 

 

Figure S4: Difference in abundance of the genera Selenomonas (a), Porphyromonas (b), Johnsonella (c), Derxia (d), 
Haemophilus (e) and Rothia (f) based on gingival health status per visit. The read count is displayed on the y-axis. 
Statistical significance (p < 0.05) was determined using the Mann-Whitney test. The boxes represent the 
median and IQR, the whiskers represent the minimum and maximum values. Outliers more than 1.5x IQR are 
depicted by ○, and more than 3x IQR by . 
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g) 

 

h) 

 

 

Figure S5: Difference in OTU abundance based on gingival health status per visit. The read count is 
displayed on the y-axis. Statistical significance (p < 0.05) was determined using the Mann-Whitney test. 
The boxes represent the median and IQR, the whiskers represent the minimum and maximum values. 
Outliers more than 1.5x IQR are depicted by ○, and more than 3x IQR by . 
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Figure S6: Difference in phylum abundance between visits for Actinobacteria (a), Firmicutes (b), 
Bacteroidetes (c), TM7 (d), Fusobacteria (e) and Proteobacteria (f). The read count is displayed on the y-
axis. Statistical significance (p < 0.05) was determined using the Wilcoxon Signed Ranks test. The boxes 
represent the median and IQR, the whiskers represent the minimum and maximum values. Outliers more 
than 1.5x IQR are depicted by ○, and more than 3x IQR by . 
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j) 

 
k) 

 

l) 

 
Figure S7: Difference in genus abundance between visits. The read count is displayed on the y-axis. 
Statistical significance (p < 0.05) was determined using the Wilcoxon Signed Ranks test. The boxes 
represent the median and IQR, the whiskers represent the minimum and maximum values. Outliers more 
than 1.5x IQR are depicted by ○, and more than 3x IQR by . 
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e) 

 

f) 

 
g) 

 

  

Figure S8: Difference in OTU abundance between visits. The read count is displayed on the y-axis. 
Statistical significance (p < 0.05) was determined using the Wilcoxon Signed Ranks test. The boxes 
represent the median and IQR, the whiskers represent the minimum and maximum values. Outliers more 
than 1.5x IQR are depicted by ○, and more than 3x IQR by . 
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induced by the use of 8% arginine 
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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 this pilot study, nine healthy individuals used toothpaste containing 8% arginine for eight 

weeks. Saliva was collected to determine arginolytic potential and sucrose metabolic activity at 

the Baseline, Week 4, Week 8 and after a two weeks Wash-out period. To follow the effects on 

microbial ecology, 16S rDNA sequencing on saliva and plaque samples at Baseline and Week 8 

and metagenome sequencing on selected saliva samples of the same time-points was performed.  

During the study period, the arginolytic potential of saliva increased, while the sucrose 

metabolism in saliva decreased. These effects were reversed during the Wash-out period. 

Although a few operational taxonomic units (OTUs) in plaque changed in abundance during the 

study period, there was no real shift in the plaque microbiome. In the saliva microbiome there 

was a significant compositional shift, specifically the genus Veillonella had increased significantly 

in abundance at Week 8. 

Indeed, the presence of arginine in toothpaste affects the arginolytic capacity of saliva and 

reduces its sucrose metabolic activity. Additionally, it leads to a shift in the salivary microbiome 

composition towards a healthy ecology from a caries point of view. Therefore, arginine can be 

regarded as a genuine oral prebiotic. 

 

 

 

Introduction 

Caries is an old and still common problem among humans1-3. Severe caries can lead to 

excruciating pain and tooth loss, which in turn can lead to an inability to chew or even eat. 

Logically, treatment and prevention of caries has been a priority of the dental community for 

quite some decades. Therefore it is now recognized that the lowered pH, as a result of the acids 

formed by bacterial fermentation of sugars, leads to demineralization of the enamel4-6. In 

contrast, the bacterial metabolism of arginine has a pH-raising effect7. 

The human oral cavity is an ecosystem, and like all ecosystems, the oral ecosystem is a 

combination of many different components (e.g. bacteria, fungi, metabolic compounds, host 

cells, salivary constituents) and in one way or another, this system retains a balance. The 

introduction of a specific compound might shift the balance of an ecosystem towards a different 

microbiological composition and functional potential. For instance, the frequent intake of 

sucrose facilitates a favorable environment for fermentative bacteria, leading to a cariogenic 

environment8, 9. In contrast, the bacterial metabolism of arginine elevates the pH in the oral 

cavity. The pH-raising effect of arginine is, amongst others, facilitated by the bacterial arginine 

deiminase system (ADS). This ADS metabolizes arginine, forming ammonia in the process and 

the subsequent protonation of ammonia into ammonium causes the pH to rise10-12. 

Compounds that have a positive effect on human health through the selective stimulation of 

growth or activity of specific microbes are called prebiotics13. Some research has been done on 
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the effect of prebiotics on the ecosystems of the human gastro-intestinal tract and skin14-16, while 

knowledge on the use of prebiotics in the oral cavity is very limited.  

Arginine naturally occurs in a variety of foods and has recently been added to oral care products, 

for its pH-raising effect and anti-caries potential12, 17-20. Yet, how arginine affects the total oral 

ecosystem remains largely unknown.  

Therefore, the aim was to enhance knowledge on the effect of arginine on the human oral 

ecosystem and to shed light on the question if this potential prebiotic is active on a functional as 

well as compositional level. 

 

 

Materials & Methods 

Pilot study design and sampling 

Nine healthy volunteers with no overt caries, who had given written informed consent, 

participated in this pilot study. The study was approved by the review board of the local Medical 

Ethical Committee (VU University Medical Center, reference number 2010/147).  

In the two weeks prior to the first of a total of four sampling moments (Fig. 1), the participants 

used a control toothpaste (1.45 mg g-1 fluoride, Prodent, Sara Lee Household & Bodycare, 

Exton, PA, USA). Sampling moments consist of two consecutive days. Samples were taken on 

each day, and the data of these duplicate samples were averaged. After the first samples were 

taken (Baseline), the subjects were instructed to brush their teeth using toothpaste containing 

8% arginine (1.45 mg g-1 fluoride, Colgate-Palmolive, New York, NY, USA). Subsequent 

samples were taken four weeks (Week 4) and eight weeks (Week 8) after the Baseline. After 

Week 8, use of the 8% arginine toothpaste was stopped and the control toothpaste was 

reintroduced. The last samples, used for the biochemical assays, were taken two weeks after 

discontinuation of the 8% arginine toothpaste (Wash-out). On sampling days, the subjects were 

asked to refrain from oral hygiene in the morning and not to eat and drink 2 h prior to sampling, 

to obtain overnight plaque.  

At each sampling moment both, stimulated saliva samples and supragingival plaque samples 

were obtained. Stimulated saliva was collected by chewing on gum base (Wrigley, Chicago, Il, 

USA) for 10 min while expectorating the saliva into a sterile container. During expectoration the 

tube was kept on ice until further processing. On arrival to the lab, the saliva was vortexed 

vigorously and distributed into 2 ml portions. Supragingival plaque was collected, by a dentist, 

from the buccal surface of the upper first molar using a sterile microbrush (Microbrush 

International, Grafton, WI, USA). The tip of the microbrush was placed in RNAProtect 

solution (Qiagen, Hilden, Germany). All samples were stored at -80°C. 

 

Biochemical assays 

To determine either the arginolytic potential or the sucrose metabolic activity of the salivary 

pellet, each stimulated saliva sample was washed and concentrated five times in either 10 mM 

tris-maleate buffer or buffered peptone water, respectively. The concentrate was pipetted, in 
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duplicate, into the wells of a 96-wells plate and the remaining cell suspension was stored 

at -20°C for subsequent protein determination21. 

 

 
Figure 1: Sampling scheme of the study. The n represents the number of subjects 
contributing to the samples from different visits. Duplicate indicates that the samples were 
taken on two consecutive days. The data from these samples were averaged for subsequent 
statistical analysis. Single indicates that only one of the samples taken at the two consecutive 
days was used for further analysis. Saliva samples for the biochemical assays were taken 
before the participants started using the 8% arginine toothpaste (Baseline), four weeks 
(Week 4) and eight weeks (Week 8) after the Baseline, and after a two week wash-out period 
that followed the finish of the 8% arginine toothpaste use (Wash-out). The saliva and plaque 
samples to be used for DNA analysis were taken at the Baseline visit and Week 8.  
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To determine the arginolytic potential, an arginine metabolism assay was performed22. Arginine 

was added to the samples to a final concentration of 50 mM. The ammonium produced in the 

assay was representative for the arginolytic potential of the salivary microbiome. 

The sucrose metabolic potential was determined by adding sucrose to the samples to a final 

concentration of 0.5% (w/v). The lactate produced was representative for the sucrose metabolic 

activity of the salivary microbiome.  

For both assays the salivary pellets were incubated for three hours at 37°C. Metabolite samples 

were taken immediately after the arginine or sucrose addition and after three hours incubation. 

All samples were heat inactivated, centrifuged and the supernatants were stored -20°C until 

further analysis. The arginine and sucrose metabolism was analyzed, in duplicate, either by 

determining the ammonium or lactate produced, respectively23, 24.  

 

16S rRNA gene amplicon sequencing 

The saliva and plaque samples, taken in duplicate at the Baseline and Week 8, were used for 

amplicon sequencing. The DNA was isolated as described previously25. An amplicon library 

based on the partial 16S rRNA gene was prepared using degenerate primers annealing to regions 

V5-V7. Sequencing was performed using 454 GS-FLX Titanium chemistry (Roche, Branford, 

CT, USA). The sequence data have been submitted to NCBI’s SRA database under accession 

number PRJNA288541.  

 

Amplicon sequencing data analysis 

Quantitative Insights Into Microbial Ecology (QIIME) version 1.5.026 was used to filter the raw 

amplicon data. Reads with a length < 200 or > 1000 bp, a mean quality score < 30, a 

homopolymer sequence > 6 nt, N > 0, > 1 barcode error, > 1error in the forward or > 2 errors 

in the reverse primer were removed from the dataset. The reads were clustered into operational 

taxonomic units (OTUs)27. The samples were randomly subsampled at 2060 reads per sample 

before further analysis.  

 

Shotgun sequencing of saliva samples 

Baseline and Week 8 saliva samples from four subjects who had the highest arginolytic potential 

after eight weeks of using the arginine containing toothpaste were selected for metagenomics 

shotgun sequencing. These were the same samples that were used for amplicon sequencing. The 

DNA to be used for shotgun sequencing was isolated as described previously28. The shotgun 

sequencing was performed using 454 GS-FLX Titanium chemistry. The sequence data have 

been submitted to the Genbank database under accession number PRJNA288541.  

 

Shotgun sequencing data analysis 

Reads were quality filtered using PRINSEQ29; sequences with a minimal length of < 70 bp, 

mean quality score < 20, percentage of ambiguous bases > 10 or an entropy value < 70, were 

removed from the dataset, as were exact duplicates and (reverse complement) 5’ and 3’end 

duplicates. Sequences of human origin were removed using BMTagger30. HUMAnN v0.9931 was 

used to generate pathway summaries according to the KEGG Orthology32, 33. 
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Statistical analysis 

The data from the duplicate samples were averaged and used for further statistical analysis. The 

Wilcoxon Signed Ranks test was performed, using SPSS v21 (IBM Corp, Armonk, NY, USA) to 

determine if there was a statistically significant difference in arginolytic potential or sucrose 

metabolism between any of the four visits (Baseline, Week 4, Week 8 and Wash-out). To 

visualize similarity of the microbial profiles based on the 16S rDNA of the plaque and saliva 

samples at the two different visits (Baseline and Week 8), non-metric multidimensional scaling 

(nmMDS) plots, based on the Bray-Curtis similarity index (stress < 0.2), were made in PAST 
v3.034. The one-way permutational multivariate analysis of variance (PERMANOVA) was used 

to test the difference between the Baseline and Week 8 visit per sample type in PAST. The 

Shannon Diversity Index was calculated using PAST. The Wilcoxon Signed Ranks test in SPSS 

was used to determine if there was a significant difference in Shannon Diversity Index between 

visits. Linear Discriminant Analysis Effect Size (LEfSe) was used to determine which taxa and 

which functions were differentially abundant between the Baseline and Week 835. The default 

settings were used (factorial Kruskal-Wallis test among classes: α = 0.05, threshold on the 

logarithmic LDA score for discriminative features: 2.0 and the strategy for multi-class analysis 

was set to be all-against-all).  

 

 

Results 

The effect of 8% arginine toothpaste on the arginolytic potential and sucrose metabolic activity of saliva   

The duplicate saliva samples taken at all four time-points (Baseline, Week 4, Week 8 and Wash-

out) from all nine participants were used for the biochemical assays.  

In the arginolytic assay, the ammonium produced was representative for the arginolytic capacity 

of the salivary microbiome. The arginolytic capacity increased significantly from the Baseline to 

the visit at Week 4 and again from Week 4 to Week 8 (Fig. 2). On the other hand, the arginolytic 

capacity of the salivary pellet decreased significantly from Week 8 to the end of the Wash-out 

period (Week 10). In the sucrose metabolism assay, the lactate produced indicated the sucrose 

metabolic potential of the salivary microbiome. The sucrose metabolic potential decreased 

significantly from the Baseline to Week 4 and on to Week 8, while it increased again significantly 

at the Wash-out visit (Fig. 3).  

 

The effect of 8% arginine toothpaste on the plaque and salivary microbial composition 

Duplicate plaque and saliva samples from all nine subjects, taken at the Baseline and after eight 

weeks of using the arginine containing toothpaste (Week 8), were used for 16S rDNA amplicon 

sequencing. 

Of the 1010385 raw input sequences, 451514 with an average of 6271 reads per sample 

(SD 2440, range 2063-13089) remained after filtering and the removal of chimeric sequences. 

The subsampling threshold was set at 2060 reads. The remaining subset of the plaque samples 

consisted of 362 OTUs with an average of 101 OTUs per sample (SD 19, range 58-136), while 
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the saliva samples comprised a total of 415 OTUs with an average of 103 OTUs per sample (SD 

19, range 67-148).  

  

 

 

 
Figure 2: Arginolytic potential of saliva. The 
arginolytic potential of saliva was measured as the 
amount of ammonia produced by the salivary 
pellet. Statistical significance (p < 0.05) was 
determined using the Wilcoxon Signed Ranks test. 
The boxes represent the median and interquartile 
range (IQR), outliers more than 1.5x IQR are 
depicted by ○, and more than 3x IQR by . n = 
9. 

 Figure 3: Sucrose metabolism in saliva. Sucrose 
metabolism was measured as the amount of 
lactate produced by the salivary pellet. Statistical 
significance (p < 0.05) was determined using the 
Wilcoxon Signed Ranks test. The boxes represent 
the median and interquartile range (IQR), outliers 
more than 1.5x IQR are depicted by ○, and more 
than 3x IQR by . n = 9. 

 

 

 

 
Figure 4: Non-metric multidimensional scaling 
plot based on 16S rDNA derived from plaque, 
calculated using the three-dimensional Bray-
Curtis similarity index. Stress: 0.0.118. One-way 
PERMANOVA: p = 0.692, F = 0.68.   Baseline: 
○, week 8: ●. n = 9. 

 Figure 5: Non-metric multidimensional scaling 
plot based on 16S rDNA derived from saliva, 
calculated using the three-dimensional Bray-
Curtis similarity index. Stress: 0.121. One-way 
PERMANOVA: p = 0.007, F = 2.76. Baseline: 
○, week 8: ●. n = 9. 
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The nmMDS plot did not reveal a strong divide in the composition of the plaque microbiome at 

the Baseline or at Week 8 (Fig. 4), in contrast to the nmMDS plot based on the salivary 

microbiome (Fig. 5). One-way PERMANOVA indicated a significant difference in the saliva 

derived microbial profiles between the two visits (p = 0.007, F = 2.76), contrary to the plaque 

derived microbial profile (p = 0.692, F = 0.68). There was no significant change in Shannon 

diversity observed for both sample types after the use of the arginine containing toothpaste 

(Figs. S1 and S2). 

 

Descending from the total microbial profile to the separate taxa, Streptococcus was the most 

abundant genus in the plaque microbiome (Fig. 6) as well as in the salivary microbiome (Fig. 7). 

Their level of abundance remained similar between both visits.  

To determine which taxa were significantly different in abundance between the two visits, linear 

discriminant analysis effect size (LEfSe)35 was used. In the plaque samples, only Candidate division 

TM7 was differentially abundant between the two visits and was associated with the Baseline 

(LDA score 2.67). The overall abundance of Candidate division TM7 was < 1% (Baseline: 0.049%. 

Week 8: 0.003%) (Fig. 6). At the OTU level, seven OTUs were differentially abundant in plaque 

between the two visits. Both OTU184 (Candidate division TM7) and OTU148 (Dialister) were 

associated with the Baseline, while OTU516 (Treponema), OTU102 and OTU530 (both Prevotella) 

and OTU150 and OTU 423 (both Eubacterium) were associated with Week 8 (Fig. 8).  

In the salivary microbiome, twelve genera were differentially abundant between the two visits, 

with Veillonella being the only genus associated with Week 8 (Fig. S3). At the OTU level, 47 

OTUs were differentially abundant between the two visits (Fig. 9). The OTU429 (Porphyromonas) 

had the strongest association with the Baseline. Of the seven OTUs that were associated with 

Week 8, the association of OTU472 (Veillonella) was the strongest.  

 
Figure 6: Relative abundance of the predominant genera in the plaque microbiome. The bars and 
error bars represent the mean relative abundance and standard deviation, respectively. n = 9. 
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Figure 7: Relative abundance of the predominant genera in the salivary microbiome. The bars and error 
bars represent the mean relative abundance and standard deviation, respectively. The * indicates that these 
genera were significantly differentially abundant between the two visits according to LEfSe. n = 9. 

 

 

 

a)    b) 

 
Figure 8: Relative abundance of differentially abundant OTUs in plaque. (a) The relative abundance of 
the OTUs that were found to be significantly differentially abundant by LEfSe between the two visits, 
displayed per individual per visit. (b) The histogram of the differentially abundant OTUs between the two 
visits, identified through linear discriminant analysis effect size score. The white bars represent the OTUs 
that are associated with the Baseline and the black bars represent the OTUs that are associated with 
Week 8. n = 9. 
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a)  b) 

 
Figure 9: Relative abundance of differentially abundant OTUs in saliva. (a) The relative abundance of 
the OTUs that were found to be significantly differentially abundant by LEfSe between the two visits, 
displayed per individual per visit. (b)  The histogram of the differentially abundant OTUs between the 
two visits, identified through linear discriminant analysis effect size score. The white bars represent 
the OTUs that are associated with the Baseline and the black bars represent the OTUs that are 
associated with Week 8. n= 9. 
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The effect of 8% arginine toothpaste on the functional potential of the salivary microbiome 

Shotgun sequencing was performed on Baseline and Week 8 saliva samples of four of the 

subjects who had the highest arginolytic potential after using the arginine containing toothpaste 

for eight weeks. 

After filtering the 1408122 shotgun reads using PRINSEQ29, 1181472 reads with an average 

length of 323 bp remained. The average number of reads per sample was 147684 (SD 46030, 

range 81199-218604).    

The base excision repair (ko03410) and the lysosome (ko04142) KEGG pathways were the most 

abundant pathways in the Baseline samples compared to the samples taken at Week 8 (Fig. S4). 

A total of six pathways were more abundant in the samples taken at Week 8 compared to the 

samples taken at the Baseline visit. Of these six pathways, carbon fixation in photosynthetic 

organisms (ko00710) and carbon fixation pathway in prokaryotes (ko00720) explained the 

greatest differences between the two time-points.  

 

 

Discussion 

The findings of this pilot study indicate that using a toothpaste that contains 8% arginine, affects 

the composition of the oral microbiome. In addition, it enhances the arginolytic potential of the 

salivary pellet, while the sucrose metabolic activity is repressed.  

Indeed, we found the capacity of the salivary pellet to metabolize arginine to have increased 

during the time the subjects used toothpaste containing 8% arginine. However, this activity was 

reduced after the subjects stopped using the toothpaste. From our results it is clear that the 

capacity to metabolize arginine is present in the oral cavity and is adjusted to the amount of 

substrate present. In contrast to the arginolytic capacity, the capacity to convert sucrose into 

lactate became lower during the study, yet became higher again after the use of arginine 

containing toothpaste was discontinued.  

These observations seem to relate to the abundance of the genus Veillonella in saliva, which 

increased in the course of this study. Members of this genus have an optimum growth pH of 

6.5-836, 37. Hence, a raised pH of the ecosystem creates a favorable environment for these 

commensals. Veillonella species are lactate fermenters36, 37 and might have used the lactate 

formed in the sucrose metabolism assays, explaining the observed decrease in the lactate 

concentration. Although we lack the microbiological data of the last time-point, the amount of 

lactate that was measured at the Wash-out period in the sucrose metabolism assay suggests the 

decrease in abundance of this lactate fermenter.  

Interestingly, Veillonella was the only genus that was differentially abundant in saliva at Week 8, 

in contrast to the Baseline visit where eleven genera were differentially abundant.  

Moreover, the genera that showed differential abundance between the two visits were different 

in the saliva and plaque derived-samples. Candidate division TM7 as well as OTU184 (Candidate 

division TM7) were both more abundant at the Baseline in plaque. Until now, this still quite 

elusive member of the oral ecosystem has been related to periodontitis and gingivitis38, 39. In 

contrast to Candidate division TM7, which seemingly did not favor the conditions introduced by 
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arginine metabolism, were the OTUs identified as members of the genera Eubacterium, Prevotella 

and Treponema, which became more abundant in plaque at Week 8. Likely, these OTUs represent 

species that favor the conditions brought about by the arginine metabolism. Some members of 

these genera are associated with an elevated pH, as well as periodontal disease40-45. However, Li 

et al. did not find an association between the use of 8% arginine containing toothpaste and an 

increase in gingivitis46.  

A number of OTUs identified as Prevotella and Treponema were also present in the salivary 

microbiome, mostly high in abundance at the Baseline. However, OTU140 and OTU208 (both 

Prevotella) were more abundant at Week 8 in the salivary microbiome, yet these particular OTUs 

were not significantly abundant in the plaque microbiome. Interestingly, there are members of 

the genus Prevotella, which are associated with caries47-49. It is possible that the taxa which 

become lower in abundance in time are those associated with a lower pH, as would be the 

desired effect of arginine as a prebiotic. Still, the taxonomic resolution is too low to distinguish 

between species. Nevertheless, these results do emphasize that saliva and plaque are different 

niches within the same ecosystem25, 50, 51. It is likely that a compound such as arginine has a 

different influence on a different habitat. Indeed, it was observed that the use of toothpaste 

containing 1.5% arginine did induce the activity of the arginine deiminase system in dental 

plaque and not in saliva52. In our study we only looked at the arginolytic potential of saliva and 

not of plaque. 

Additionally, in this study we observed the functional potential of saliva through metagenome 

shotgun sequencing. There was enrichment of the tropane, piperidine and pyridine alkaloid 

biosynthesis pathway (ko00960) at Week 8. Alkaloids are secondary metabolites, mostly isolated 

from plants, which have a range of functions within human society, e.g. medication or stimulants 
53, 54. Interestingly, arginine is a precursor in the tropane alkaloid pathway, where arginine is 

metabolized into putrescine through arginine decarboxylase (ADC)55-57. ADC is detected in 

higher plants and bacteria, generally not in mammals or fungi56, 58. In contrast, the lysosome 

pathway (ko04142) was reduced at Week 8. Lysosomes are organelles in animal cells; hence there 

is a possibility that part of the host DNA was not removed using the stringent filters. However, 

the origins of the lysosome mechanism are thought to come from primitive protozoans and are 

strongly conserved in amoeba as well as mammalian cells59. Therefore, lysosome pathway genes 

might originate from oral protozoa60, 61. Although this does not clarify why these genes were 

reduced at Week 8, it does suggest that oral protozoa might be an interesting topic for future 

research.  

On a different note, we found OTU309 (Streptococcus), to be more abundant in saliva after the 

use of arginine toothpaste. The arginine deiminase system (ADS) is present in a number of 

Streptococcus species11, 52, 62, yet we did not observe significant enrichment of ADS orthologs in the 

salivary metagenome.  

Why we did not observe enrichment of the ADS after eight weeks of 8% arginine toothpaste use 

remains largely unexplained, as do the observed changes in functional potential, although it is 

very likely that the low sample size plays a part.  
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A placebo-controlled randomized clinical study including a higher number of participants and 

samples should provide more conclusive answers, including the analysis of the microbiota after 

cessation of treatment. 

In summary, we conclude that arginine added to toothpaste does bring about changes in the oral 

ecosystem, compositional as well as functional, and serves as a prebiotic.  
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Supplementary material 

 

 

 
Figure S1: Diversity of the supragingival plaque 
microbiome based on the 16S rRNA gene. The 
boxes represent the median and the interquartile 
range. n = 9. 

 

Figure S2: Diversity of the salivary microbiome 
based on the 16S rRNA gene. The boxes represent 
the median and interquartile range (IQR), outliers 
more than 3x IQR are depicted by . n = 9. 

 

 

 
Figure S3: Histogram of the differentially abundant genera, between the two visits, derived from saliva and 
identified through linear discriminant analysis effect size score (LEfSe). The white bars represent the 
genera associated with the Baseline; the black bar represents the genus associated with Week 8. n= 9. 
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Figure S4: Histogram of the differentially abundant KEGG pathways between the Baseline and Week 8, 
identified through linear discriminant analysis effect size score (LEfSe). The white bars represent the 
KEGG pathways that are associated with the Baseline and the black bars represent the KEGG pathways 
that are associated with the visit at Week 8. n = 4. 
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Dysbiosis induced by low pH in the oral ecosystem can lead to caries, a prevalent bacterial 

disease in humans. The amino acid arginine is one of the pH elevating agents in the oral cavity. 

To obtain insights into the effect of arginine on oral microbial ecology, a multi-plaque ‘artificial 

mouth’ (MAM) biofilm model was inoculated with saliva from a healthy volunteer and 

microcosms were grown for 4 weeks with 1.6% (w/v) arginine supplement (Arginine) or 

without (Control), samples were taken at several time-points. A cariogenic environment was 

mimicked by sucrose pulsing.   

The bacterial composition was determined by 16S rRNA gene amplicon sequencing, the 

presence and amount of Candida and arginine deiminase system genes arcA and sagP by qPCR. 

Additionally, ammonium and short chain fatty acid concentrations were determined.  

The Arginine microcosms were dominated by Streptococcus, Veillonella and Neisseria and remained 

stable in time, while the composition of the Control microcosms diverged significantly in time, 

partially due to the presence of Megasphaera. The percentage of Candida increased 100-fold in the 

Control microcosms compared to the Arginine microcosms. The pH-raising effect of arginine 

was confirmed by the pH and ammonium results. The abundances of sagP and arcA were highest 

in the Arginine microcosms, while the concentration of butyrate was higher in the Control 

microcosms.  

We demonstrate that supplementation with arginine serves a health-promoting function; it 

enhances microcosm resilience toward acidification and suppresses outgrowth of the 

opportunistic pathogen Candida. Arginine facilitates stability of oral microbial communities and 

prevents them from becoming cariogenic. 

 

 

Introduction 

Dysbiosis of the oral ecosystem can lead to caries, still one of the most prevalent bacterial 

diseases in humans1, 2. Frequent low pH episodes, caused by the microbial production of short 

chain fatty acids through sucrose metabolism, introduce ecological and functional shifts in the 

oral ecosystem toward aciduric and acidogenic microflora3.  

The amino acid arginine is recognized as one of the main pH-elevating agents in the oral cavity. 

It is a constituent of saliva4, concentrated in a diversity of foods such as watermelon, seafood 

and nuts5 and recently it has been added to oral care products6. The bacterial arginine deiminase 

system (ADS) is predominantly responsible for the breakdown of arginine in the oral cavity7. 

The protonation of ammonia, produced by the ADS, into ammonium leads to a rise in pH. 

Alkali production serves as a protection mechanism for ADS-positive bacteria (e.g. Streptococcus 

sanguinis, Streptococcus gordonii, and Streptococcus parasanguis) which are often not aciduric8. 

Incidentally, by protecting themselves, the bacteria create a less cariogenic environment9, 10. 

Conversely, Ghosh et al.11 demonstrated that arginine supplementation stimulates hyphal growth 

of the opportunistic fungal pathogen Candida albicans. The switch from yeast to hyphal form is a 
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critical virulence factor of C. albicans12. Hence, the effect of arginine on the oral microbial 

community and its functions is not yet fully understood. 

Nevertheless, oral bacteria are the most studied human microbiota. Different approaches have 

been used to study the human oral ecosystem, from in vivo experiments to growing in vitro 

biofilms. Although the human oral cavity is easily accessible for sampling, its complexity and 

ethical dilemmas accompanying in vivo studies have led to the development of a range of 

laboratory models, mimicking the oral cavity, to grow biofilms13. Simplified biofilm models such 

as the high-throughput active attachment model14 or the Zürich biofilm model15 are relatively 

easy to handle and thus create the opportunity to test different conditions in multiple replicates 

in a fairly short amount of time. A drawback of these systems is the static environment 

(continuous presence of sucrose, lack of metabolite clearance) and the relatively small amount of 

biomass that can be obtained, making it less suitable for a multidisciplinary approach. However, 

the system described by Edlund et al.16 is able to preserve up to 80% of the original taxa in the 

inoculum, making it especially suitable to investigate the yet uncultured species. A complex oral 

biofilm model such as the multi-plaque ‘artificial mouth’ (MAM) system17, 18 is laborious to 

maintain and the number of replicas in one experiment is limited. Yet, the system is highly 

controllable; artificial saliva is added at a constant flow, while sucrose can be supplied in pulses, 

mimicking metabolite clearance in the oral cavity. The large amount of biomass that can be 

obtained facilitates the multidisciplinary experimental approach.              

Although oral microbiota are well studied, the understanding of the oral ecosystem, particularly 

the driving forces behind microbial stability, is limited. 

 The purpose of our study was to assess the possibly beneficial effects of arginine on the ecology 

of human oral microbial communities under simulated cariogenic growth conditions. For this, 

the MAM biofilm model and a multidisciplinary approach was used, comprising four weeks of 

oral microcosm growth with frequent sucrose challenges and assessing microbial community 

structure and functioning by 16S rRNA gene amplicon sequencing, qPCR analysis of Candida 

and specific ADS genes and determining the concentrations of short chain fatty acids and 

ammonium. 

 

 

Materials & Methods 

Artificial mouth system and inoculum 

Biofilms were grown in the eight-station MAM biofilm model (Fig. S1 and Fig. S2) designed and 

developed by dr. Christopher Sissons and dr. Lisa Wong17, 19 and kindly donated to the 

Academic Center for Dentistry Amsterdam (ACTA), the Netherlands. 

Stimulated saliva was obtained from a healthy 32-year-old female donor who refrained from oral 

hygiene 12 h prior to collection. Immediately after collection, the saliva was vortexed thoroughly 

for 30 s. Subsequently, eight 25 mm diameter Thermanox coverslips (Nunc Inc., Naperville, IL, 

USA) were inoculated with 1 ml saliva each. These were incubated aerobically at 35˚C for 1 h, 

prior to placement in the MAM.  
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Growth conditions and sampling 

Of the eight microcosm stations, four received a constant supply (0.06 ml/min) of defined 

mucin medium (DMM)20, the remaining four received DMM to which additional 1.6% (w/v) L-

arginine (Sigma-Aldrich, St. Louis, MO, USA) was added (DMMA). The two different 

treatments will be referred to as Control and Arginine, respectively. The pH of the medium was 

set at 6.8 using NaOH.  

The medium was supplied through a 0.25 mm bore Marprene Manifold pump tube (Watson-

Marlow Limited, Falmouth, England) lead through a 205CA 16-channel pump head connected 

to a 505DU pump (Watson-Marlow). To simulate cariogenic episodes with low pH, all 

microcosm stations received eight 6-min 10% (w/v) sucrose (Merck KGaA, Darmstadt, 

Germany) pulses at 2 h intervals daily. The pulses (0.5 ml/min) were supplied automatically 

through a 1.3 mm bore pump tube (Ismatec, Wertheim, Germany) using a 503U pump with 

308MC pump head (Watson-Marlow), controlled by LabView version 7.0 (National Instruments 

Corporation, Austin, TX, USA). The first sucrose pulse commenced at 1700 hours and the last 

pulse at 0700 hours. In the remaining 10 h (0706 to 1700 hours) sucrose was omitted to sustain 

a resting phase simulating an in vivo night period.  

The biofilms were grown for 29 days. Resting-phase biofilm samples were harvested on days 7, 

10, 14, 17, 22, 24, 27 and 29 between 1200 and 1400 hours. On days 9, 17, 22 and 29, sucrose 

was added to the resting-phase biofilms by manual operation of the pump and samples were 

harvested immediately after the 6-min sucrose pulse. 

Parts of the microcosms were harvested using a pipette with a sterile 1 ml filtertip (Biosphere, 

Sarstedt, Nümbrecht, Germany) or a disposable inoculation loop (Greiner Bio-One, 

Mosonmagyaróvár, Hungary), depending on the consistency of the microcosm. Care was taken 

to obtain biomass throughout the whole depth of the biofilm. The samples for DNA isolation 

were suspended in RNAprotect (Qiagen GmbH, Hilden, Germany), while the samples used for 

organic acid and ammonium analysis were suspended in MilliQ water (Millipore, Billerica, MA, 

USA). All samples were placed on ice immediately after harvest and subsequently stored 

at -80°C. The four biological replicas per treatment were used for the subsequent analysis of the 

samples, with the exception of the in situ pH measurements.  

 

Genomic DNA extraction 

The cells were lysed mechanically by beadbeating three times for 2 min, using a MiniBeadBeater 

and 0.1 mm diameter glass beads (BioSpec Products, Inc., Bartlesville, OK, USA). Between the 

beadbeating steps, the cells were kept on ice for 5 min. Subsequently, the samples were spun 10 

min at 14000 x g. Genomic DNA was isolated from the supernatant using the GeneJet Genomic 

DNA purification kit (Thermo Fisher Scientific, Waltham, MA, USA); concentration and purity 

were measured using the NanoDrop ND-1000 (NanoDrop Products, Wilmington, DE, USA).   

 

Quantitative Real-Time PCR of Candida ITS, 16S rRNA, arcA and sagP genes 

Bacterial abundance (16S rRNA gene) and the abundance of Candida (ITS gene) were quantified 

as described previously by Kraneveld et al.21. Candida load was calculated as a percentage of the 

16S rRNA gene. The abundance of ADS genes arcA (S.  gordonii) and sagP (S.  sanguinis) was 
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determined by qPCR using the specific primers9. The data were normalized as a percentage of 

the 16S rRNA gene.  

 

16S rRNA gene amplicon sequencing 

An amplicon library, constructed from inoculum and samples taken on days 7, 17 and 27 at rest, 

based on the partial 16S rRNA gene was prepared using degenerate primers annealing to 

variable regions V5-V721. Sequencing was performed at Macrogen Inc. (Seoul, Republic of 

Korea) using 454 GS-FLX+ Titanium chemistry (Roche, Branford, CT, USA). The sequence 

data have been submitted to the GenBank database under accession number 571212. 

 

Sequencing data analysis 

Quantitative Insights Into Microbial Ecology (QIIME) version 1.5.022 was used to analyze the 

sequence data. For downstream analyses, barcodes and primer sequences were trimmed and low 

quality reads (N > 0, > 1 error in the forward and > 2 errors in the reverse primer > 1 error in 

the barcode, > 6 nt homopolymer sequence, average quality score < 30, or a length < 200 bp or 

> 1000 bp) were removed. Further read processing and clustering into OTUs was done 

according to Kraneveld et al.21. To identify the OTUs on species level (Table S1), they were 

manually aligned against the Nucleotide collection (nr/nt) using Megablast23, 24. 

 

In situ pH measurements 

The in situ microcosm pH profiles were measured as described previously by Wong et al.18. The 

pH was recorded at two stations simultaneously during the resting phase and subsequently 

overnight during the automated sucrose supply. Both, the resting pH and the minimum pH 

reached after the first sucrose pulse from four time-points (days 7, 8, 22, and 28) and two 

stations (one Control and one Arginine) were averaged and used for statistical analyses. 

 

Organic Acid Analysis 

The concentrations of the short chain fatty acids butyrate, acetate, lactate, formate, succinate, 

and propionate were determined using capillary ion electrophoresis as described by Gerardu et 

al.25. An internal standard, 1 mM oxalic acid, was included. The data were normalized against the 

protein concentration in the samples, measured according to Bradford26. 

 

Enzymatic ammonium assay 

The concentration of ammonium produced was measured using an enzymatic assay, described 

by Hoogenkamp and ten Cate27. 

 

Statistical analyses  

To allow between-sample comparisons, OTU data were randomly subsampled at 1400 reads per 

sample. Station 2 (Control), sampled at day 27, yielded only 15 reads and was excluded from 

further analysis. The Shannon Diversity Index was calculated on the subsampled OTU table. 

General Linear Model Repeated Measures (GLM RM) was used to assess the differences in 



The effect of arginine on oral microcosms 

76 

 

Shannon Diversity Index per group in time. The independent samples t-test was used to 

determine the difference in diversity between the groups per time-point. 

Non-metric multidimensional scaling (nmMDS) plots were based on the Bray-Curtis similarity 

index to visualize similarity between samples. Stress < 0.2 (Kruskal’s stress formula 1) was used 

as an acceptable threshold28. The difference in Bray-Curtis coefficient between the groups at all 

time-points was assessed using the Kruskal-Wallis test. One-way permutational multivariate 

analysis of variance (PERMANOVA) was used to test the difference between the two 

treatments in time and between the treatments and the inoculum. Similarity percentage 

(SIMPER) was used to identify the OTUs with the highest contribution to dissimilarity between 

the treatments at three different time-points. All calculations were performed using PAST 

version 3.029.  

The Mann-Whitney test was used to determine if there was a statistically significant difference in 

pH, ammonium production, ADS gene abundance, Candida load, and abundance of organic 

acids between the different treatments (Control, Arginine) and per phase (rest, sucrose). The 

Friedman test was used to assess the differences in organic acid concentrations in time. The tests 

were performed using SPSS version 21 (IBM Corp, Armonk, NY, USA). 

Canonical correspondence analysis (CCA) enabled visualizing the relation of community 

composition with environmental variables. This analysis results in an ordination diagram that 

displays variation in community composition explained by environmental variables and 

visualizes the distribution of OTUs in regard to these environmental variables30. The CCA was 

performed in PAST, using organic acids (excluding succinate), ammonium, Candida load, and the 

ADS genes as ‘environmental’ factors. The significance of the variance of each of the CCA axes 

was calculated by permuting the data 999 times. Environmental variables were correlated with 

each individual OTU using Spearman’s rho. The p-values were corrected for multiple 

comparisons using Bonferroni correction.  

 

 

Results 

Effects of arginine on bacterial community composition 

Diversity (Shannon Index) of the Control microcosms increased significantly from day 7 to day 

17 (p = 0.023; GLM RM test) in contrast to the diversity of the Arginine microcosms (Fig. S3). 

There was no significant difference in diversity between the two groups per time-point, although 

their compositions differed (Fig. 1). When days 7, 17, and 27 were averaged, the top three of the 

five most abundant genera were the same for both treatments, namely: Streptococcus (Control; 

36%, Arginine; 42%), Veillonella (Control; 21%, Arginine; 27%), and Actinomyces (Control; 8%, 

Arginine; 7%). They were followed by Megasphaera (11%) and Johnsonella (7%) in the Control 

group and Peptostreptococcus (8%) and Neisseria (7%) in the Arginine group. 

The microcosms of both groups had undergone large compositional changes compared to the 

inoculum which was dominated by the genera Prevotella (30%), Veillonella (24%), Streptococcus 

(11%), Haemophilus (8%), Actinomyces (8%), and Leptotrichia (6%) (Fig. 1, inoculum).  
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Figure 1: The relative abundance of the microbial genera in the inoculum (plaque-enriched human saliva) 
and in microcosms averaged per time-point and treatment group: Control or Arginine. The data used to 
construct the pie charts was subsampled at 1400 reads per sample.  
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a) 

 
b) 

 
c) 

 
Figure 2: Non-metric multidimensional scaling plots based on the three-dimensional 
Bray-Curtis similarity index. (a) The Control and Arginine microcosm similarities with 

respect to the inoculum, stress = 0.1, one-way PERMANOVA: p = 0.0001, F = 5.83. 
(b) The microcosm similarities between treatments at all time-points, stress = 0.1, one-

way PERMANOVA: p = 0.0001, F = 5.74. The numbers indicate the MAM station 
number. (c) The Bray-Curtis similarity between the different time-point-pairs per 
treatment. The connectors indicate statistically significant differences between the 
groups (General Linear Model Repeated Measures test). 

 

The inoculum clustered separate from the microcosms (Fig. 2a, p = 0.0001, F = 5.83). A 

treatment-specific clustering became evident when the inoculum was not considered in the data 

analysis (Fig. 2b). The Arginine group samples clustered together, regardless of time and showed 

a significantly higher similarity (p < 0.0001) compared to the highly dispersed Control samples 

(average Bray-Curtis similarity 0.69 and 0.55, respectively). With time, the similarity among the 
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Control group microcosms decreased, while it remained high in the Arginine group throughout 

the 4-week experimental period (Fig. 2c). In addition, one-way PERMANOVA indicated that the 

difference in OTUs between the two treatments was significant, both at day 17 and day 27 (p = 

0.03, F = 3.10 and p = 0.03, F = 4.84, respectively), while initially, at day 7, there was no 

significant difference between the two treatments (p = 0.06, F = 2.24). 

 

Effects of arginine on microcosm pH stability and formation of organic acids and ammonium 

The in situ pH profiles confirmed impact of arginine supplementation on pH during the 

fermenting phase, where the microcosms received eight 6-min sucrose pulses, every 2 h, and the 

recovery phase where microcosms received only artificial saliva for the remaining 10 h (Fig. 3, 

showing the example of the fermenting phase in two 7-day old microcosms). Technical 

problems with the pH equipment, however, precluded obtaining the reliable pH data from all 

stations. Hence, pH profile data at four time-points from two stations (one Control and one 

Arginine) were included in the pH analyses. During the resting phase, the pH in the Arginine 

microcosms (median 7.7, range 7.3-8.1) was significantly higher (p = 0.03) than in the Control 

microcosms (median 6.5, range 6.0-6.8). Minimum pH reached after the first sucrose pulse was 

lower, though not significantly (p = 0.08), in the Control microcosms (median 4.3, range 3.8-5.0) 

compared to the Arginine group (median 5.8, range 4.8-6.3).  

 

 
Figure 3: The example of the in situ pH profiles during the fermenting phase in two 7-day 
old microcosms from the Control (dashed line) and Arginine (solid line) groups, 
respectively. The time of the day is indicated on the x-axis. Eight 6-min sucrose pulses 
were supplied 2-hourly, starting at 1700 and ending at 0706 hours.  

 

The observed trends in pH were in line with differences in ammonium concentrations; a 

significantly (p < 0.0001) higher concentration of ammonium was measured in the Arginine 

microcosms compared to the Control microcosms irrespective of sampling phase (Fig. 4a). In 

time, the concentration of ammonium in the microcosms showed a trend (p > 0.05) in decrease 

(Fig. 4b).  
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a) 

 

b) 

 

 

Figure 4: The ammonium concentration in microcosm samples per treatment depending on the 
metabolic state (Resting or Post-Sucrose) of the microcosms during sampling (a) and in time (b) All 
sampling time-points were included in a. Only the samples that correspond to the resting phase samples 
that were also microbiologically assessed on day 7, 17 and 27 were included in b. The median and 
interquartile range is indicated by the box, the extreme values are represented by the whiskers. The 
connectors indicate statistically significant differences (Mann-Whitney test). 

 

a) 

 

b) 

 

 

Figure 5: Percentage of the Streptococcus gordonii acrA gene (a) and the Streptococcus sanguinis sagP gene (b) in the 
inoculum and in microcosms in time and per treatment. The percentage of the respective gene was 
calculated as the ratio of the CP values from the respective gene-specific qPCR over the CP values from the 
16S rRNA gene in each sample. The median and interquartile range are indicated by the box, the extreme 
values are represented by the whiskers. The connectors indicate statistically significant differences (Mann-
Whitney test). 

 

The relative abundances of the S. gordonii acrA and the S. sanguinis sagP genes, components of the 

ADS, were measured over the overall 16S rRNA gene load. While the average percentages of the 

arcA gene were low (Fig. 5a), the percentage of the arcA gene was significantly higher in the 

Arginine group compared to the Control group at day 17 (p = 0.02).  
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Likewise, the relative abundance of the sagP gene was higher in the Arginine group compared to 

the Control group, significantly at day 17 (p = 0.02), both groups however, showed a decline in 

the relative abundance of the sagP gene with time. The relative abundance of the sagP gene was 

in fact highest in the inoculum (Fig. 5b). 

Furthermore, concentrations of organic acids were affected by the arginine treatment as well 

(Fig. S4). The concentration of butyrate was significantly lower in the Arginine microcosms 

when compared to the Control microcosms both at rest (p < 0.0001) and post-sucrose (p = 

0.0002) (Fig. S4a). Additionally, in the Arginine group, the concentration of this fatty acid was 

significantly higher (p = 0.03) in the resting phase compared to the post-sucrose phase. At rest, 

the concentration of acetate was significantly lower (p = 0.004) in the Arginine group compared 

to the Control group (Fig. S4b). On the other hand, the lactate concentrations had elevated 

significantly post-sucrose compared to the resting phase in both groups (p = 0.002 and p < 

0.0001, respectively) (Fig. S4c). Additionally, the concentration of formate in the Control group 

was significantly higher (p = 0.04) in the resting phase than in the post-sucrose phase (Fig. S4d). 

No significant differences in concentrations between the treatments or phases could be 

observed for succinate or propionate (Fig. S4e-f).  

Butyrate (Fig. 6a) and acetate (Fig. 6b) concentrations at rest increased in time in the Control 

group. For butyrate, this increase was statistically significant (p = 0.04).  

 
a)  

 

b)  

 

 

Figure 6: Amount of butyrate (a) and acetate (b) normalized per protein in microcosm samples in time 
and per treatment. Only the samples that correspond to the resting phase samples that were also 
microbiologically assessed on day 7, 17 and 27 were included. The median and interquartile range are 
indicated by the box, the extreme values are represented by the whiskers. The data were obtained from 
three time-points when the microcosms were at resting phase. 

 

Effect of arginine on Candida outgrowth 

Candida was present in both Control and Arginine group samples at low proportions during the 

first 10 days of growth and showed an increase on day 14 (Fig. 7). In the Control samples, 

Candida load was up to 100-fold higher at the end of the experiment (day 29) than at the start, 

while Candida load in the Arginine microcosms remained stable (Fig. 7). The percentage of 
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Candida was significantly higher, when all Control group samples were compared to the Arginine 

samples (p = 0.004). 

 

 
Figure 7: Candida load per treatment (Control, Arginine) in time. The percentage of Candida was 
determined by dividing the Candida ITS gene CFU/ml equivalent values by CFU/ml equivalent values of 
the 16S rRNA gene of the respective microcosm sample. All time-points at rest, were included in this 
plot. The median and interquartile range are indicated by the box, the extreme values are represented by 
the whiskers. 

 

Relation of bacterial community composition with the environmental and functional variables 

To visualize the relation between community composition and environmental variables (organic 

acids, ammonium, Candida load, and the proportion of ADS genes), an ordination diagram using 

CCA was constructed (Fig. 8). Axes 1 and 2 explained 48.4% (p = 0.001) and 25.9% (p = 0.009) 

variability, respectively.  

SIMPER was used to determine which OTUs contributed the most to the compositional 

differences between the groups at days 7, 17, and 27. Over half of the dissimilarity at day 7 

(54.5%) was associated with OTU43 (Peptostreptococcus), OTU53 (Streptococcus), OTU60 

(Johnsonella), all at a higher abundance in the Control microcosms, and OTU16 (Neisseria) which 

was higher in the Arginine microcosms. At day 17, more than half of the dissimilarity (58.5%) 

was due to OTU18 (Megasphaera) and OTU53 (Streptococcus), which were more abundant in the  
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Control group, and OTU61 (Streptococcus) and OTU73 (Veillonella), which were more abundant in 

the Arginine group. Finally, at day 27, OTU18 (Megasphaera), which was most abundant in the 

Control group, OTU43 (Peptostreptococcus), OTU53 (Streptococcus), and OTU61 (Streptococcus), more 

abundant in the Arginine group, accounted for 52.8% dissimilarity between the two treatments.  

 

 

The OTU18 (Megasphaera) was associated with the Control group at two time-points through 

SIMPER and this relation was confirmed in the CCA (Fig. 8). Furthermore, OTU18 

(Megasphaera) showed a relation to Candida, butyrate and acetate (Fig. 8). The OTU16 (Neisseria) 

was associated with the Arginine group (Fig. 8), in accordance to the SIMPER analysis of day 7 

data. The OTU53 (Streptococcus), SIMPER associated with the Control group at the first two 

time-points and with the Arginine group at the last time-point, did not show a strong relation to 

either one of the groups in the CCA (Fig. 8). On the other hand, OTU43 (Peptostreptococcus), 

 
Figure 8: Canonical correspondence analysis (CCA) ordination biplot visualizing variation between 
microcosm samples explained by the environmental variables (organic acids, Candida load, ammonium, and 
proportion of arginine deiminase system (ADS) genes arcA and sagP), and the distribution of OTUs in 
regard to these environmental variables. The variability in the samples was explained on axis 1 with 48.37% 
(p = 0.001) and on axis 2 with 25.94% (p = 0.009). The vectors represent the environmental variables, the 
OTUs (OTU numbers between brackets) are represented by a dot and the microcosm samples are 

represented as: Control:  day 7,  day 17,  day 27; Arginine:  day 7,  day 17,  day 27. The 
numbers depicted within the symbols signify the MAM stations. 
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SIMPER-associated with the Control group on day 7 and with the Arginine group on day 27, 

appeared to be stronger related to the Arginine group in the CCA. The OTU61 (Streptococcus) 

contributed to the difference in SIMPER between the two groups at two time-points; hence it 

showed a relation to the Arginine samples in the CCA as well. Both OTU60 (Johnsonella) and 

OTU73 (Veillonella) came up in the SIMPER analysis once and did not appear to have a strong 

relation to either one of the two treatment groups or environmental factors according to the 

CCA. 

The community composition in the Control microcosms showed the highest correlation with 

the Candida load and the amount of butyrate and acetate in the samples, while the community 

composition in the Arginine microcosms related stronger to the ammonium concentration and 

the arcA gene proportion in the samples (Fig. 8).  

Candida load, acetate, propionate, ammonium, and sagP gene proportion in the samples did not 

correlate significantly with any of the individual OTUs (p > 0.05). Butyrate correlated 

significantly with OTU18 (Megasphaera) (p = 0.007, R = 0.70), while the resting phase lactate 

concentration in the biofilms correlated negatively with OTU9 (Haemophilus) (p = 0.01, R = -

0.69). Formate correlated positively with OTU61 (Streptococcus) (p = 0.03, R = 0.83) in Arginine 

group samples only. The arcA gene correlated positively with OTU0 (Streptococcus) in the 

Arginine group, although this correlation lost statistical significance after correction for multiple 

comparisons (p >0.05, R = 0.76).  

 

 

Discussion 

With this study we demonstrate that arginine supplementation enhanced microcosm resilience 

toward acidification and led to the conditions that prevented outgrowth of the opportunistic 

pathogen Candida. Arginine enhanced the stability of oral microbial communities, allowing 

microcosm community composition to remain stable for four experimental weeks. 

The 4-week-old microcosms relate to natural plaque stagnation sites (e.g. approximal sites, 

fissures) or plaque stagnation sites created after the placement of fixed orthodontic appliances in 

vivo, which can harbor mature biofilms and predispose these sites to dental caries31. In this 

experimental set up, a cariogenic environment was created by administering eight 2-hourly 

sucrose pulses interspersed with a 10-hour rest period. Acids formed by bacterial sucrose 

metabolism lower the pH and while cariogenic circumstances (frequent low pH episodes) were 

observed in both treatment groups, the resting pH was significantly lower in the Control group. 

Similar pH patterns were observed by Huang et al.32. This low pH, however, did not lead to a 

collapse of the community as was demonstrated in oral biofilm models with continuous 

presence of sucrose33. The bacterial diversity of our microcosms even showed an increase from 

day 7 to day 17, while the compositions of the four replicas for each treatment remained similar. 

In addition, all the bacteria in the microcosms were detected in the saliva as well, excluding 

contamination. This confirms the value of the artificial mouth model in oral microbial ecology 

studies17. 
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The composition of the microcosms diverged from the inoculum, mostly through the loss of the 

genus Prevotella (Fig. 1 and Fig. 2a). These obligate anaerobes34 might not have survived the 

inoculation procedure, where saliva was exposed to aerobic conditions for 1 h. In contrast, 

members of the anaerobic genus Veillonella did survive. It has been reported that growth 

medium composition plays a role in the selective growth of microcosms16, 35, 36.  

Commonly, members of the genera Streptococcus, Neisseria, and Actinomyces are regarded as early 

biofilms colonizers37. Throughout this experiment, the composition of the Arginine group 

remained relatively stable and was dominated by the genera Streptococcus, Veillonella, Actinomyces, 

Peptostreptococcus, and Neisseria. The genus Streptococcus diminished in the Control group, while 

Megasphaera and Atopobium increased (Fig. 1). The latter two genera have been found in elevated 

levels in dentin lesions38, 39 and have also been associated with periodontal disease40. 

The main factor assisting in the stability of the Arginine microcosms is likely to be the relatively 

high pH7. Although a high pH has been linked to periodontal disease3, periodontal pathogens 

were not highly abundant in the Arginine microcosms. The ammonia produced through the 

ADS and protonated to ammonium is one of the main pH-raising factors of the healthy oral 

ecosystem7. A major function of this system is thought to be the protection of acid-sensitive 

bacteria against acidification8. The ammonium concentration in the Arginine microcosms 

remained similar during rest and after the addition of sucrose, suggesting that the ADS is 

induced constantly under these experimental conditions and functions stably and independently 

from the response to acidification. Ammonium was produced in the Control microcosms due to 

physiological levels of arginine and urea, another precursor of ammonium41, 42, present in the 

artificial saliva. In contrast to the Arginine microcosms, the concentration of ammonium in the 

Control microcosms dropped significantly after sucrose supply (Fig. 4a). The ADS is very acid 

tolerant and capable of arginolysis, although 90% reduced, at pH values as low as, e.g. 2.1 

(Streptococcus rattus FA-1) and 4.1 (S. sanguis NCTC 10904)8. The pH of the Control microcosms 

might have dropped below the critical pH of the most abundant ADS-positive bacteria in this 

group, temporarily repressing the system8, 9, 43. 

The abundance of the ADS genes arcA (S. gordonii) and sagP (S. sanguinis) was higher in the 

Arginine group compared to the Control group (Fig. 5). Moreover, OTU0, identified as S. 

gordonii (Table S1), was associated with the Arginine microcosms and the arcA gene (Fig. 8). 

Although we can only claim the presence of these specific genes and not their transcription, it is 

interesting to notice that arcA was hardly detectable in the inoculum, and increased in abundance 

at day 7, while sagP was quite abundant in the inoculum. Yet the abundance of both genes 

decreased with time. Assuming that the ADS activity remained intact, based on the ammonium 

concentration of the Arginine group throughout time, this indicates functional redundancy of 

the ecosystem while the composition changed. Indeed, many ADS-positive bacteria remain to be 

discovered7, 9, 10. 

The opportunistic pathogen Candida, present in the oral cavity of 15%-75% of the healthy 

population44, was detected in our in vitro model in both treatment groups. The Candida load in 

both groups elevated after 10 days (Fig. 7). In the oral cavity, a Candida load of > 0.1% on the 

total oral microflora is considered high21. It is the host’s immune system that plays an important 

role in keeping the fungal community from becoming pathogenic. This becomes apparent in 
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immunocompromised patients such as those infected with HIV45-47. The absence of human host 

factors in our model possibly explains the increased abundance of Candida in time. 

Numerous studies investigated the interactions between Candida (mostly C. albicans) and bacterial 

species48, 49. One of these studies indicated a synergistic relation between C. albicans and S.  

gordonii in a dual species biofilm50. Interestingly, OTU0 (S. gordonii), did not show affinity for 

Candida in our biofilms (Fig. 8, Table S1). A likely explanation could be that the synergy between 

C. albicans and S. gordonii is very different in a multispecies biofilm compared to a dual species 

biofilm.  

Interestingly, the two groups showed different Candida load patterns in time. Candida load in the 

Control group had increased 100-fold within the experimental timespan, while it remained stable 

in the Arginine group. A possible explanation for this difference between the groups could be 

the resting pH, which was lower in the Control group compared to the Arginine group. 

Although Candida species are able to cope with a wide pH range, an alkaline pH can be stressful 

for these fungi51, 52. Consequently, the basic pH of the Arginine group might have rendered 

Candida species less competitive in relation to the bacteria. Albeit no significant correlations 

between Candida and individual OTUs were uncovered, antagonism between certain bacteria and 

Candida in the Arginine group cannot be excluded. 

Overall, the concentration of various short chain fatty acids was higher in the Control group. 

The increase of lactate after the addition of sucrose (Fig. S4c) was expected, lactate is a common 

metabolite of sugar fermentation by, e.g. Streptococci53, 54, and confirmed the simulation of a 

cariogenic environment. The role of most short chain fatty acids as a bacterial metabolite in the 

oral cavity is not fully understood yet, although they are likely to be involved in bacterial cross-

feeding54, 55, they deserve further investigation.  

Butyrate was significantly higher in the Control group, both in rest and after the 

supplementation of sucrose (Fig. S4a). Butyrate in the oral cavity is suggested to play a role in 

the development of periodontal disease56, 57. Members of the genus Megasphaera are known to 

produce butyrate58, 59. In our study, the relative abundance of OTU18 (Megasphaera) correlated 

with the concentration of butyrate, while OTU16 (Neisseria) appeared to be negatively related to 

butyrate (Fig. 8). Interestingly, other studies have reported a similar negative relation between 

Megasphaera and Neisseria. Dang et al.60 observed the presence of Neisseria and the absence of 

Megasphaera in HIV- controls and the opposite in HIV+ patients who received antiretroviral 

therapy. In addition, Takeshita et al.61, investigating oral malodor, found Megasphaera to be higher 

in persons where methyl mercaptan was the cause of the malodor, compared to a hydrogen 

sulfide group where the abundance of Neisseria was significantly higher. 

The supplementation with arginine clearly affected the behavior and composition of the oral 

microbiome. While the primary response to sucrose addition remained similar, recovery from a 

sucrose ‘attack’, the resting pH, as well as the concentration of the formed acids, ammonium 

and Candida load differed between the two treatments. Additionally, certain bacterial genera 

clearly preferred one condition to the other. From this, we conclude that arginine 

supplementation strengthens the resilience of the oral microbial community toward the effects 

of acidification and prevents outgrowth of the opportunistic pathogen Candida in the artificial 

mouth model.   
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The oral cavity is one of many ecosystems of the human body, and, while arginine creates a less 

cariogenic, and thus healthier milieu in this case, the effect of arginine supplementation in the 

oral cavity on other human ecosystems deserves further investigation. 
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Supplementary material 

Table S1 

OTU Description E-value Accession 

0 
Streptococcus gordonii str. Challis substr. CH1 strain Challis 16S ribosomal RNA, 
complete sequence 

0 NR_074516.1 

1 
Campylobacter concisus strain ATCC 33237 16S ribosomal RNA gene, partial 
sequence 

0 NR_118512.1 

3 
Treponema sp. canine oral taxon 087 clone OE007 16S ribosomal RNA gene, 
partial sequence 

0 JN713250.1 

4 Solobacterium moorei strain F0204 16S ribosomal RNA gene, partial sequence 0 GU470893.1 

6 Rhodopseudomonas palustris DX-1, complete genome 0 CP002418.1 

7 
Porphyromonas catoniae strain ATCC 51270 16S ribosomal RNA gene, partial 
sequence 

0 NR_026230.1 

8 Streptococcus mutans UA159 strain UA159 16S ribosomal RNA, complete sequence 0 NR_074983.1 

9 
Haemophilus parainfluenzae strain HK 2149 16S ribosomal RNA gene, partial 
sequence 

0 JF506652.1 

10 Anaerococcus prevotii DSM 20548, complete genome 0 CP001708.1 

11 Eubacterium sp. oral strain A35MT 16S ribosomal RNA gene, partial sequence 0 AF287761.1 

12 Leptotrichia sp. 'Oral Taxon 847' 16S ribosomal RNA gene, partial sequence 0 FJ577250.2 

13 Catonella morbi clone _Z012 16S ribosomal RNA gene, partial sequence 0 GU407023.1 

14 Alloscardovia omnicolens partial 16S rRNA gene, strain CCUG 18650 0 AM419459.1 

15 Prevotella nanceiensis strain SEQ219 16S ribosomal RNA gene, partial sequence 0 JN867294.1 

16 Neisseria sp. 1740b 16S ribosomal RNA gene, partial sequence 0 KC178532.1 

18 
Megasphaera micronuciformis strain AIP 49.01 16S ribosomal RNA gene, partial 
sequence 

0 AF473833.1 

19 
Prevotella sp. canine oral taxon 298 clone ZY032 16S ribosomal RNA gene, partial 
sequence 

5E-155 JN713465.1 

20 Corynebacterium durum isolate 99-0047 16S ribosomal RNA gene, partial sequence 0 AF537593.1 

21 Prevotella oris strain JCM 12252 16S ribosomal RNA gene, partial sequence 0 NR_113118.1 

22 Gemella sanguinis gene for 16S rRNA, partial sequence, strain: NTUH_8428 0 AB775575.1 

23 Mogibacterium sp. CM96 16S ribosomal RNA gene, partial sequence 0 HQ610197.1 

27 
Prevotella sp. canine oral taxon 298 clone ZY032 16S ribosomal RNA gene, partial 
sequence 

6E-150 JN713465.1 

28 
Bergeyella sp. AF14 16S ribosomal RNA gene, partial sequence; 16S-23S 
ribosomal RNA intergenic spacer, complete sequence; and 23S ribosomal RNA 
gene, partial sequence 

0 DQ241813.1 

31 
Atopobium parvulum strain DSM 20469 16S ribosomal RNA gene, complete 
sequence 

0 NR_102936.1 

32 Prevotella sp. ICM55 16S ribosomal RNA gene, partial sequence 0 HQ616399.1 

34 
Selenomonas sputigena strain ATCC 35185 16S ribosomal RNA gene, complete 
sequence 

0 NR_074905.1 

35 Rothia aeria strain B473-478 16S ribosomal RNA gene, partial sequence 0 KF691779.1 

36 Peptoniphilus sp. S9 AA1-1 16S ribosomal RNA gene, partial sequence 0 KF007161.1 

37 
Clostridiales bacterium canine oral taxon 259 clone ZO039 16S ribosomal RNA 
gene, partial sequence 

4E-151 JN713424.1 

38 
Cryptobacterium curtum strain DSM 15641 16S ribosomal RNA gene, complete 
sequence 

0 NR_074425.1 

39 Actinomyces naeslundii strain M166 16S ribosomal RNA gene, partial sequence 0 JF803528.1 

40 
TM7 phylum sp. canine oral taxon 363 clone 2A026 16S ribosomal RNA gene, 
partial sequence 

8E-128 JN713533.1 

41 
TM7 phylum sp. canine oral taxon 322 clone 1C049 16S ribosomal RNA gene, 
partial sequence 

1E-166 JN713492.1 

43 Peptostreptococcus sp. S9 B-1b 16S ribosomal RNA gene, partial sequence 0 KF007182.1 

44 Actinomyces sp. A3 16S ribosomal RNA gene, partial sequence 0 KM225735.1 

46 Streptococcus suis 6407, complete genome 4E-156 CP008921.1 
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49 Veillonella denticariosi strain RBV81 16S ribosomal RNA gene, partial sequence 2E-178 EF185168.1 

50 Actinomyces graevenitzii gene for 16S ribosomal RNA, partial sequence 0 AB691580.1 

51 Prevotella pallens strain JCM 11140 16S ribosomal RNA gene, partial sequence 0 NR_113121.1 

52 Selenomonas sp. ST6 16S ribosomal RNA gene, partial sequence 0 GU561410.1 

53 
Streptococcus thermophilus strain KDLLJ4-1 16S ribosomal RNA gene, partial 
sequence 

0 KJ890358.1 

54 
Capnocytophaga ochracea strain DSM 7271 16S ribosomal RNA gene, complete 
sequence 

0 NR_074505.1 

55 Bacterium NLAE-zl-P883 16S ribosomal RNA gene, partial sequence 5E-155 JQ607719.1 

56 
Actinomyces sp. oral taxon 448 strain F0400 16S ribosomal RNA gene, partial 
sequence 

0 HM596273.1 

58 
Fusobacterium nucleatum strain YWH7407 16S ribosomal RNA gene, partial 
sequence 

0 KF444263.1 

59 Burkholderia sp. M325 16S ribosomal RNA gene, partial sequence 0 KJ944086.1 

60 
Lachnoanaerobaculum saburreum strain DNF00896 16S ribosomal RNA gene, partial 
sequence 

0 KJ082046.1 

61 Streptococcus sanguinis strain M634 16S ribosomal RNA gene, partial sequence 0 KC817294.1 

63 
Leptotrichia sp. oral taxon 225 strain FEA2 16S ribosomal RNA gene, partial 
sequence 

8E-173 GQ422731.1 

64 Actinobaculum sp. BM#101342 16S ribosomal RNA gene, partial sequence 0 AY282578.1 

65 Leptotrichia genomosp. C1 16S ribosomal RNA gene, partial sequence 0 AY278621.1 

66 Prevotella histicola strain JCM 15637 16S ribosomal RNA gene, partial sequence 0 NR_113105.1 

67 Prevotella oulorum strain C08KA 16S ribosomal RNA gene, partial sequence 0 GQ422734.1 

68 Rothia mucilaginosa DY-18 strain DY-18 16S ribosomal RNA, complete sequence 0 NR_074690.1 

70 
Oribacterium asaccharolyticum strain ACB7 16S ribosomal RNA gene, partial 
sequence 

0 NR_125571.1 

71 Lachnoanaerobaculum sp. MSX33 16S ribosomal RNA gene, partial sequence 4E-119 HQ616384.1 

72 
Stomatobaculum longum strain ACC2 16S ribosomal RNA gene, partial sequence 0 NR_117792.1 

Lachnospiraceae genomosp. C1 16S ribosomal RNA gene, partial sequence 0 AY278618.1 

73 Veillonella parvula DSM 2008, complete genome 0 CP001820.1 

74 
Aggregatibacter segnis strain D19 16S ribosomal RNA gene, partial sequence 0 KF261348.1 

Haemophilus sp. Smarlab 3302188 16S ribosomal RNA gene, partial sequence 0 AY538693.1 

75 Lautropia mirabilis strain SSI AB 2188 16S ribosomal RNA gene, partial sequence 0 NR_104897.1 

76 
Leptotrichia goodfellowii strain JCM 16774 16S ribosomal RNA gene, partial 
sequence 

0 NR_113160.1 

77 
Bifidobacterium pseudocatenulatum gene for 16S ribosomal RNA, partial sequence, 
isolate: 4-1-6 

0 AB932550.1 

The BLAST results were retrieved on 8 October 2014. Sequences were aligned against the Nucleotide collection (nr/nt) 
using Megablast. Uncultured or environmental samples were excluded from the search results. 
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b) 

 
 

Figure S1: Schematic overall configuration of MAM (a) and a schematic cross-section of a 
microcosm growth station (b). Adapted from Wong L (2001) Mineralisation in dental plaque 
model systems. PhD Thesis, University of Otago, Dunedin, New Zealand. 
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Figure S2: Photograph of the operational MAM. 

 

 
Figure S3: Shannon diversity index per time-point and treatment. The 
whiskers indicate the standard deviation. Samples from the Control group 

increased significantly in diversity from day 7 to day 17 (p = 0.023; General 

Linear Model Repeated Measures test). 
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c) 

 

d) 

 

 

e) 

 

f) 

 

 

Figure S4: Comparison of the fatty acid concentrations butyrate (a), acetate (b), lactate (c), formate (d), 
succinate (e) and propionate (f) in the microcosms between the two treatments (Control, Arginine) and 
between the two phases (Rest, Post-Sucrose). The median and the interquartile range of the acid 

concentrations are depicted in the above figures. Statistical significance (p < 0.05) was determined using the 
Mann-Whitney test. 
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Nitrate is emerging as a possible health benefactor. 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.  

To investigate the effect of nitrate on oral ecology, we performed a four week experiment using 

the multi-plaque artificial mouth (MAM) biofilm model. This model was inoculated with 

stimulated saliva of two healthy donors. Half of the microcosms (n = 4) received a constant 

supply of nitrate, while the other half functioned as control (n = 4). Additionally, all microcosms 

received a nitrate and sucrose pulse, each week, on separate days to measure nitrate reduction 

and acid formation. The bacterial composition of the microcosms was determined by 16S rDNA 

sequencing.  

The origin of the saliva (i.e. donor) showed to be the strongest determinant for the development 

of the microcosms. The supplementation of nitrate was related to a relatively high abundance of 

Neisseria in the microcosms of both donors, while Veillonella was highly abundant in the nitrate 

supplemented microcosms of only one of the donors. The lactate concentration after sucrose 

addition was similarly high in all microcosms, irrespective of treatment or donor, while the 

concentration of butyrate was lower after nitrate addition in the nitrate receiving microcosms.   

In conclusion, nitrate influences the composition and biochemistry of oral microcosms, 

although the result is strongly dependent on the inoculum.    

 

 

Introduction 

For many years, the role of nitrate in the human body has been under debate, and usually not in 

favor of nitrate1-5. Nowadays, the view on nitrate ingestion has started to change drastically. 

Especially the bacterial reduction of nitrate to nitrite in the oral cavity is of interest, since the 

formed nitrite can be converted to the potential health-beneficial nitric oxide6-8.  

The ability to reduce nitrate is widespread in prokaryotes and fungi. Recently, nitrate reducing 

capacity was discovered to be present in certain human tissues, although this capacity is very low 

compared to the nitrate reduction performed by bacteria in the human oral cavity9-12. Many 

bacteria in the oral cavity possess genes that are involved in the reduction of nitrate13, 14. As a 

good example of commensalism, the nitrate that is ingested by the host by eating for instance 

leafy vegetables is concentrated in the saliva (around 10x compared to plasma) and used by 

nitrate reducing bacteria in the oral cavity15-18.  

The bacterial nitrate reductases are placed within one of three groups of enzymes, namely the 

periplasmic dissimilatory reductases (Nap), membrane-bound respiratory reductases (Nar) or the 

cytoplasmic assimilatory reductases (Nas). Notwithstanding their differences in function and cell 

location, all bacterial nitrate reductases have a conserved molybdenum binding site19-22. Quite 

some years ago it was discovered that the concentration of molybdenum in soil is negatively 

correlated to caries prevalence in humans23, 24. However, at the time it was not recognized that 

molybdenum was essential to nitrate reductase25.  
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Now, nitrate and especially the microbial ability to reduce nitrate to nitrite in the oral cavity is 

thought to have an anti-caries effect13, 26, 27. Several suggestions have been made to explain the 

mechanism of this effect. For example, the fatty acids associated with caries formation are used 

as a carbon source in the nitrate reduction pathway, ammonium is produced through the nitrate 

reduction pathway, elevating the pH in the oral cavity, or that the formation of nitric oxide in 

the vicinity of acid producing bacteria, has a bactericidal effect26-28.  

In contrast to the possible anti-caries activity of nitrate, elevated levels of nitrate and nitrite are 

associated with periodontal disease29. However, this elevation is thought to be a response of the 

immune system against infection30.  

So far, a wealth of information has been gathered on the different nitrate reduction pathways in 

bacteria and the role of nitrate in human physiology has been a topic of research for quite some 

time. However, there is no comprehensive knowledge on the effect of nitrate on the 

composition of the oral bacterial population and their metabolism.  

We performed an in vitro study using saliva of two healthy donors to inoculate the multi-plaque 

artificial mouth (MAM) biofilm model31, 32. We determined the bacterial composition of the 

microcosms as well as the formation of different short chain fatty acids and the nitrate reducing 

ability in the model system and assays. The main advantage of this in vitro study is that there are 

no host factors involved, which allows us to focus solely on the bacterial side of the story.  

Hence, the aim of our study was to elucidate the effect of a continuous supply of nitrate on the 

nitrate reducing ability and acid production of the oral microbiome, in addition to the 

composition of the microbiome itself. 

 

 

Materials & Methods 

Inoculation of the artificial mouth 

The eight station multi-plaque artificial mouth (MAM) biofilm model (Fig. S1) was designed and 

developed by dr. Christopher Sissons and dr. Lisa Wong31, 32. To grow the microcosms, the 

MAM was inoculated with stimulated saliva. The saliva was obtained from two healthy donors 

(20-30 yrs), one male and one female, who refrained from oral hygiene 12 hrs prior to collection. 

Directly after collection, the saliva was vortexed thoroughly for 30 s and used to inoculate ⌀25 

mm Thermanox coverslips (Nunc Inc. Naperville, IL, USA). The coverslips (n = 8) were 

inoculated with 1 ml saliva each, four per donor, and aerobically incubated for 1 h at 35˚C 

before placement in the MAM.  

 

Experimental conditions 

The microcosms were grown for 31 days. Throughout the experiment, the temperature of the 

system was kept at 35°C and the MAM was constantly flushed with nitrogen gas containing 5% 

CO2, although the system was not regarded as strictly anaerobic due to the opening and closing 

of the ports during sampling. 
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Continuous supply of medium 

All stations received a constant supply (0.06 ml/min) of defined mucin medium (DMM)33, to 

which trace elements solution DSMZ SL-4 (Table S1, DSMZ GmbH, Braunschweig, Germany) 

was added. The pH of the DMM was set at 6.8 using NaOH. The medium was supplied through 

a 0.25 mm bore Marprene Manifold pump-tube (Watson-Marlow Limited, Falmouth, England), 

lead through a 205CA 16-channel pump-head connected to a 505DUpump (Watson-Marlow).   

To the DMM reservoirs of four of the stations (1, 3, 5 and 7), nitrate was added to a final 

concentration of 1mM from a 1M nitrate solution (prepared by dissolving 6.77 g KNO3
 and 2.80 

g NaNO3 in 100 ml MilliQ water (Millipore, Billeria, MA, USA)). The two different treatments 

that the stations received will be referred to as Control or Nitrate (Fig. S2).  

 

Daily supply of sucrose 

The microcosms received daily doses of sucrose to create a diurnal cycle mimicking a resting and 

fermentation period. All stations were connected to a sucrose reservoir and received eight pulses 

of 6-min 10% (w/v) sucrose (Merck KGaA, Darmstadt, Germany) at 2 hour intervals daily. The 

pulses (0.5 ml/min) were supplied automatically through a 1.3 mm bore pump-tube (Ismatec, 

Wertheim, Germany) using a 503U pump with a 308MC pump-head (Watson-Marlow), 

controlled by LabView v7.0 (National Instruments Corporation, Austin, TX, USA). The first 

sucrose pulse commenced at 1700 hours and the last pulse at 0700 hours.  

 

Weekly supply of sucrose and nitrate 

In addition to the continuous and daily supply of nitrate and sucrose, respectively, the two 

compounds were added to the microcosms weekly to observe the nitrate reduction and sucrose 

metabolic activity of the all the microcosms.  

On days 8, 15, 22 and 29, a manual 6-min 10% w/v sucrose pulse was supplied to all the 

microcosms. Nitrate was manually added to all microcosms on days 10, 17, 24 and 31. To 

provide this manual 6-min nitrate pulse, all stations were connected to a reservoir containing a 

5 mM nitrate solution. The nitrate solution was supplied through a 0.63 mm bore Marprene 

Manifold pump tubing (Watson-Marlow Limited), using a 505Du pump with a 308MC pump 

head, rotating at 10 rpm (0.3ml/min). 

 

Sampling 

To observe nitrate reduction and sucrose metabolic activity in the microcosms, samples were 

taken before (t = 0 min) the nitrate or sucrose pulse, directly after the pulse (t = 6 min) and 1 

hour after the pulse (t = 60 min).  

In addition, to confirm the nitrate and short chain fatty acid concentration measurements within 

the microcosms, samples of the microcosms were collected to perform assays measuring nitrate 

reduction and sucrose metabolic capacity. These samples were taken on days 9, 16, 23 and 30, 

when the biofilms did not receive a pulse.   
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Samples to be used for DNA isolation were taken twice a week on the days the microcosms 

received a manual pulse of either nitrate or sucrose at t = 0 min. The t = 0 min samples were 

always taken around 1200 hours. 

Biomass was harvested using a sterile filtertip (Biosphere, Sarstedt, Nümbrecht, Germany). The 

sample was taken throughout the depth of the biofilm. The samples to be used for the assays 

and the acid and nitrate analysis were suspended in MilliQ water and samples to be used for 

DNA isolation were suspended in PBS. The samples were placed on ice directly and later stored 

at -80˚C until further use.  

 

Nitrate reduction assay 

The biomass used in the nitrate reduction assay was suspended, in duplicate, in 100 µl 0.1M 

PO4
3- buffer and spun for 1 min at 16000 x g. The pellet was resuspended in a reaction buffer 

containing 10 mM PO4
3-, 0.11 mM pyruvate and 1mM KNO3/NaNO3 and incubated for 1 h at 

37˚C. One of the duplicate samples was incubated aerobically, the other anaerobically. The 

reaction vials were stored at -80˚C until later analysis. 

 

Nitrate and nitrite analysis 

The concentration of nitrate and nitrite that was reduced and formed in the nitrate reduction 

assays and in the microcosms after the manual nitrate pulse was determined using capillary 

electrophoresis. First, the samples were centrifuged at 13000 x g for 15 min at 4°C. The 

supernatants were transferred to tubes containing a 0.22 µm microspin-filter (Ultrafree-MC, 

Millipore, Bedford, MA, USA) and centrifuged at 12000 x g for 5 min at 4°C. Filtered 

supernatants were stored at -80°C. 

The capillary electrophoresis was performed on a Beckman P/ACETM MDQ (Beckman Coulter, 

Brea, CA, USA) system at 25°C with UV detection at 214 nm, capillary length of 50 cm and 

separation at 25 kV in reverse mode. Run buffers were derived from the CEofixTM Anions 2 kit 

(Analis, Suarlée, Belgium). Potassium bromate was used as the internal standard in all samples.  

 

Enzymatic ammonium assay 

The concentration of ammonium that was produced during the nitrate reduction assay, was 

measured using an enzymatic ammonium assay as described by Hoogenkamp and ten Cate34. 

  

Sucrose metabolism assay 

Biomass (once for each station) was suspended in saline (37˚C) and spun for 1 min at 16000 x g. 

Subsequently the pellet was resuspended in saline (37˚C). The pH was measured and the sample 

was briefly spun before transferring 50 µl to a clean tube placed on ice for the T0 measurement. 

To the remaining sample 16 µl 10% (w/v) sucrose was added and the pH was measured every 

minute for a total of ten min. The samples were then placed on ice before storage at -80˚C and 

the later analysis. 
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Short chain fatty acid and phosphate analysis 

The concentration of short chain fatty acids and phosphate formed in the sucrose metabolism 

assays and the concentration of short chain fatty acids formed in the microcosms after the 

manual sucrose pulse was determined using capillary electrophoresis. 

To release acids and phosphate, the samples were heated at 80℃ for 5 min and cooled on ice. 

Subsequently, the samples were centrifuged at 13000 x g for 15 min at 4°C. The supernatants 

were transferred to tubes containing a 0.22 µm microspin filter (Millipore) and centrifuged at 

12000 x g for 5 min at 4°C. Filtered supernatants were stored at -80°C until further processing35.  

Short chain fatty acids and phosphate were determined as their anions by capillary 

electrophoresis on the Beckman P/ACETM MDQ system with UV detection at 230 nm and 

capillary length of 90 cm in reverse mode. Run buffers from the CEofixTM Anions 5 kit (Analis, 

Suarlée, Belgium) were used. Sodium salts of formate, acetate, propionate, butyrate, succinate, 

lactate and phosphate were used to prepare standard solutions in MilliQ water. Calibration 

curves were made for each compound separately. As an internal standard, oxalate was included 

in all samples. 

 

Determination of protein concentration 

To normalize the samples, the protein concentration of all samples (except the samples used for 

DNA analyses) was determined36.  

 

Genomic DNA extraction 

The GeneJET Genomic DNA Purification Kit (Thermo Fisher Scientific, Waltham, MA, USA) 

with a partially adapted protocol was used for DNA isolation. The biofilm pellet was suspended 

in 750 µl lysis solution and transferred to a 2.0 ml cryovial containing ⌀0.1 mm glass beads 

(BioSpec Products, Inc., Bartlesville, OK, USA). Beadbeating was done in the MiniBeadBeater 

(BioSpec Products, Inc.) three times for 2 min. In between the beadbeating steps, the vials were 

incubated on ice for 5 min. Subsequently, Proteinase K was added to the vials and the isolation 

was continued according to the manufacturers protocol (Gram-Positive Bacteria Genomic DNA 

Purification Protocol). 

 

16S rDNA sequencing 

The concentration of DNA was measured using qPCR37 and normalized to 2 ng per PCR 

reaction. The V4 region of the 16S rRNA gene was amplified38 with primers containing the 

respective Illumina adapters and a unique 8 nt index sequence key39. The amplification was 

performed according to Kozich et al.39, with the exception of 33 cycles instead of 35. The 

amount of DNA per sample was quantified using the Quant-iT™ PicoGreen® dsDNA Assay Kit 

(Thermo Fisher Scientific), pooled equimolarly and purified using the IllustraTM GFXTM PCR 

DNA and Gel Band Purification Kit (GE Healthcare, Eindhoven, The Netherlands). The quality 

and size of the amplicons was analyzed on the 2100 Bioanalyzer (Agilent Technologies, Santa 

Clara, CA, USA). Paired-end sequencing (200 cycles) of the DNA was conducted on the MiSeq 

platform (Illumina, San Diego, CA, USA) at TNO (Zeist, the Netherlands). The flowcell was 

loaded with 6 picomole DNA containing 50% PhiX.  
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Sequencing data analysis 

The paired-end reads were merged using USEARCH v8.0.162340, 41 (max number of mismatches 

in the overlap: 15, max length of the merged reads: 258, min length of the merged reads: 249, 

max expected error: 0.5, no ambiguous bases were allowed). Before clustering, the sorted reads 

were checked against the Illumina PhiX RTA reference, using both local and global alignment 

(USEARCH with -id 0.5 -query_cov 0.5) to exclude the possibility that PhiX reads were 

clustered. The merged sequences were clustered into operational taxonomic units (OTUs), in 

line with the UPARSE pipeline42 (with the following adaptations: cluster_otus 

with -uparse_maxdball 1200, only de novo chimera checking, and usearch_global 

with -maxaccepts 8 -maxrejects 64 -maxhits 1). The most abundant read of each OTU was 

assigned a taxonomy using QIIME v1.8.043, the RDP classifier44 (min confidence: 0.8) and the 

SILVA 119 database45 as provided by the QIIME developers. The 97% 16S_only alignment was 

first trimmed to the V4 region46, and the alignment was converted to a set of gap-free non-

redundant sequences. This set was used to re-train the RDP classifier. To identify the OTUs on 

species level, the reads were manually aligned against NCBI’s nucleotide collection (nr/nt), 

excluding uncultured/environmental sample sequences, using MegaBLAST47, 48.  

 

Statistical analysis 

To visualize the position of the microbial profiles per week and treatment relative to each other, 

a nonmetric multidimensional scaling plot (nmMDS) based on the Bray-Curtis similarity index 

was calculated in PAST v3.049. One-way permutational multivariate analysis of variance 

(PERMANOVA) was performed in PAST to determine if there was a statistical difference 

between the microcosm composition with regard to treatment. The Shannon Diversity Index 

per sample was calculated in PAST as well. Whether there was a significant difference in 

Shannon Diversity Index between treatments was tested with the Wilcoxon Signed Ranks Test 

using SPSS v21 (IBM Corp, Armonk, NY, USA). Linear discriminant analysis effect size (LEfSe) 

was used to determine which genera and OTUs were significantly differentially abundant 

between the two treatments50. 

The Wilcoxon Signed Ranks Test was also used to determine whether the concentrations of 

nitrate, nitrite, ammonium, phosphate, formate, acetate, propionate, butyrate, succinate and 

lactate were significantly different between time-points (either in the MAM or in the assays) 

within the same treatment group. The Mann-Whitney Test was used to determine whether the 

concentrations were significantly different at the same time-points between the two treatments. 

The biochemical data, collected during the four weeks, were analyzed together and not per week. 

All statistical calculations were performed for each donor separately.   

 

 

Results 

We have analyzed the effect of nitrate on the microbial composition and biochemistry of oral 

microcosms. Stimulated saliva from two donors was used to inoculate four microcosms per 

donor. The data obtained from the microcosms have been analyzed per donor. 
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Sequencing output 

The total number of reads after merging, quality filtering, clustering and mapping was 1721028, 

with an average number of 26076 reads per sample (SD 4721, min 18446, max 39446). The 

subsampling threshold was set at 18000.  

The number of OTUs in the inoculum of donor A was 89, while the average number of OTUs 

in the microcosms derived from donor A was 48.5 (SD 4.7, min 38, max 58). For donor B, the 

number of OTUs in the inoculum was 87, while the average number of OTUs in the 

microcosms derived from donor B was 39 (SD 11.0, min 20, max 61). 

 

Community composition 

The nmMDS revealed that the composition of the microcosms derived from the saliva of donor 

A was dissimilar from the inoculum at all time-points (Fig. 1a). A different pattern was observed 

for the composition of the microcosms derived from the saliva of donor B. There was a more 

gradual shift from the composition of the inoculum with time (Fig. 1b). For donor A, the 

diversity of the Nitrate microcosms was significantly higher (p = 0.026) compared to the Control 

microcosms (Fig. S3a) while for donor B, the diversity of the microcosms was significantly (p = 

0.010) higher in the Control group compared to the Nitrate group (Fig. S3b). One-way 

PERMANOVA indicated that there was no significant difference in microbiome composition 

between the treatments per week for donor A (Table S2), in contrast to donor B, where the 

microbial composition of the microcosm was significantly different between the treatments at 

each week. 

 

 
Figure 1: Nonmetric multidimensional scaling plots based on the three dimensional Bray-Curtis similarity 
index based on time and treatment. The plots depict the similarities between the microcosms derived from 
donor A (stress = 0.1027) (a) and the similarities between the microcosms derived from donor B (stress = 
0.1340) (b). The plus symbol represents the inoculum, the open dots represent the Control microcosms, 
and the solid dots represent the Nitrate treatment. The green dots represent week 1, the yellow dots 
represent week 2, the orange dots represent week 3 and the red dots represent week 4. 

 

Genera 

The five most abundant genera in the inoculum (saliva) of donor A were: Haemophilus (26.1%), 

Veillonella (20.8%), Streptococcus (17.7%), Prevotella (16.4%) and Porphyromonas (4.8%) (Fig. 2a). The 
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five most abundant genera in the inoculum of donor B were Neisseria (24.3%), Streptococcus 

(19.9%) Fusobacterium (12.9%), Porphyromonas (9.2%) and Haemophilus (8.4%) (Fig. 2b).  

 

 
Figure 2: The relative abundance of genera per donor, time-point and treatment. Pie charts based on the 
average abundance of the most prevalent genera in the inoculum and per week, per treatment. 

 

To determine which genera were differentially abundant between the treatments, LEfSe50 was 

used. 

The genera that were most abundant in the inoculum of donor A were not differentially 

abundant between the two treatments (Fig. S4). For donor B, Neisseria was significantly more 

abundant in the Nitrate group compared to the Control group in weeks 1, 2 and 3. Fusobacterium 

was significantly more abundant in the Nitrate group compared to the Control group in the first 

week, and was significantly more abundant in the Control group in the last two weeks. 

Haemophilus was significantly more abundant in the Control group in the last week.  

 

OTUs 

The OTUs that dominated the inoculum of donor A were OTU8 (Haemophilus, 26.1%), OTU19 

(Prevotella, 13.5%), OTU2 (Veillonella, 12.5%) OTU69 (Streptococcus, 9.1%) and OTU57 (Veillonella, 

7.5%) (Fig. 3). The inoculum of donor B was dominated by OTU5 (Neisseria, 24.3%), OTU4 

(Fusobacterium, 12.8%), OTU69 (Streptococcus, 11.4%), OTU26 (Porphyromonas, 9.2%) and OTU8 

(Haemophilus, 8.4%) (Fig. 3).  
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Figure 3: OTUs in the inoculum of each donor. The bar chart shows the total count of the most 
abundant OTUs in the inoculum of donor A and donor B. Other (count < 20) is the sum of all OTUs 
that were counted less than 20 times. 

 

LEfSe was used to determine which OTUs were differentially abundant between the two 

treatments at each of the four sampling weeks (Fig. 4). For donor A, OTU5 (Neisseria) was 

associated with the Nitrate microcosms at weeks 2, 3 and 4. The same accounted for OTU9 

(Campylobacter) at weeks 3 and 4. In the microcosms derived from donor B, OTU9 (Campylobacter) 

was associated with the Control microcosms, although only at week 3. OTU5 (Neisseria) was 

associated with the Nitrate treatment in the microcosms derived from donor B, similar to the 

microcosms derived from donor A, only at weeks 1, 2 and 3. At week 3, four other OTUs were 

associated with the Nitrate treatment as well, namely OTU2, OTU57, OTU218 and OTU156 

(all Veillonella). At week 4, only OTU2 (Veillonella) was associated with the Nitrate treatment of 

the donor B derived microcosms. In contrast, for this same donor, OTU2 (Veillonella) was 

associated with the Control treatment at week 1.  

OTU1 (Peptostreptococcus) was associated with the Control microcosms derived from donor A in 

all but week 3, while for donor B, OTU1 (Peptostreptococcus) was associated with the Nitrate 

treatment at weeks 1 and 2. 
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Figure 4: Differentially abundant OTUs between the two treatments at each time-point per donor. 
The OTUs that were identified as differentially abundant through linear discriminant analysis effect 
(LEfSe) size score between the two treatments are displayed in the histogram. The white bars 
represent OTUs that were associated with the Control group; the black bars represent OTUs that 
were associated with the Nitrate group. 
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Nitrate reduction 

A 6 min nitrate pulse was added to the MAM. As expected, the level of nitrate increased, 

significantly, directly after the pulse compared to the baseline (Fig. 5a-b). The level of nitrate at 

this time-point was higher in the microcosms derived from donor A, compared to donor B. One 

hour after the nitrate pulse, the nitrate concentration had decreased significantly, resembling the 

baseline values.  

 

 
Figure 5: Reduction of nitrate and formation of nitrite after addition of nitrate to the microcosms. The 
boxplots represent the amount of nitrate (a and b) and nitrite (c and d) in the microcosms before the 
addition of nitrate (t = 0 min) and after the addition of nitrate (t = 6 min and t = 60 min) for both 
treatments. The significance (p < 0.05) of the difference in nitrate or nitrite concentration between the 
time-points of the same treatment was tested using the Wilcoxon Signed Ranks test. The significance (p < 
0.05) of the difference in concentration between the treatments at a single time-point was tested using the 
Mann-Whitney test. The boxes represent the median and interquartile range (IQR), outliers more than 1.5x 
IQR are depicted by ○, and more than 3x IQR by . 

 

Nitrite concentrations were measured simultaneously with nitrate. In the microcosms derived 

from donor A, the concentration of nitrite had increased significantly directly after the 6 minute 

nitrate pulse for both treatments (Fig. 5c), while in the microcosms derived from donor B, only 



Chapter 5 

109 

 

in the Nitrate treated microcosms nitrite increased significantly compared to the baseline 

(Fig. 5d). Yet, an hour later, the nitrite concentration in the Control microcosms of both donors 

and Nitrate treated microcosms from donor B had significantly decreased.   

In addition to measuring nitrate reduction in the microcosms, nitrate reduction assays were 

performed (Fig. S5). The levels of nitrate, nitrite and ammonium were measured after 1 h 

incubation. No significant differences between either aerobic or anaerobic incubation or 

between the treatments were found. 

 

Acid formation 

The concentration of short chain fatty acids was measured before (t = 0 min) and after (t = 6 

min and t = 60 min) the addition of sucrose or nitrate pulse to the microcosms. When sucrose 

was added to the microcosm, the total short chain fatty acid concentration had increased 

significantly an hour after the sucrose pulse in the microcosms derived from donor A, 

irrespective of the treatment (Fig. 6a), while in the microcosms derived from donor B this had 

only occurred in the Nitrate group (Fig. 6b). The concentration of lactate increased 6 minutes 

after the addition of sucrose and was highest at t = 60 min compared to t = 0 min and t = 6 min 

for both donors (Fig. 6c-d). Similar to lactate; the concentration of propionate was the highest at 

t = 60 min after sucrose addition (Fig. 6e-f). The addition of sucrose hardly affected the acetate 

concentration (Fig. 6g-h) and did not affect the butyrate concentration.  

The total short chain fatty acid concentration after the nitrate pulse showed a different trend for 

each donor (Fig. 7a-b). While in donor A microcosms there was no difference between the 

Control and Nitrate groups, in donor B microcosms, samples from the Nitrate group had a 

lower total short chain fatty acid concentration compared to the Control group.  

The concentration of butyrate after the addition of nitrate, for donor A, was significantly lower 

in the Nitrate microcosms compared to the Control microcosms at t = 60 min (Fig. 7c). For 

donor B, the concentration of butyrate was significantly lower in the Nitrate group compared to 

the Control group at all time-points (Fig. 7d). The concentration of acetate after the addition of 

nitrate was consistently lower in the Nitrate group microcosms, compared to the Control 

microcosms of donor B (Fig. 7f). Compared to donor B, the concentration of acetate in the 

Nitrate group of donor A, was relatively high (Fig. 7e). The addition of nitrate had no significant 

effect on the concentration of propionate and lactate.  

Furthermore, a sucrose metabolism assay was performed (Fig. S6). The total concentration of 

acid increased significantly 10 min after the addition of sucrose for both donors and treatments. 

In agreement with the total acid concentration, most individual short chain fatty acids increased 

in concentration after the addition of sucrose to the system.  

During the sucrose metabolism assay, the pH was measured. The pH of the Nitrate group was 

significantly higher than the pH of the Control group at the start of the assay for donor A 

(Fig. S7). After the ten min incubation with sucrose, the pH had dropped significantly (~2 units) 

for both treatments and donors.  

The concentration of phosphate was measured simultaneously with the short chain fatty acids in 

the sucrose metabolism assay. The concentration of phosphate had increased significantly after 

10 minutes in the Control group of both donors compared to the start of the assay (Fig. S8).  
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Figure 6: Short chain fatty acid concentrations before and after the addition of sucrose to the microcosms. 
The boxplots represent the concentration of all short chain fatty acids combined (a and b) (including 
succinate, formate and butyrate), lactate (c and d), propionate (e and f) and acetate (g and h) before (t = 0 
min), and after (t = 6 min and t = 60 min) the addition of sucrose. The significance (p < 0.05) of the 
difference in acid concentration between the time-points of the same treatment was tested using the 
Wilcoxon Signed Ranks test. The boxes represent the median and interquartile range (IQR), outliers more 
than 1.5x IQR are depicted by ○, and more than 3x IQR by . 
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Figure 7: Short chain fatty acid concentrations before and after the addition of nitrate to the microcosms. 
The boxplots represent the concentration of all short chain fatty acids combined (a and b) (including 
lactate, succinate, formate and propionate), butyrate (c and d) and acetate (e and f) before (t = 0 min), and 
after (t = 6 min and t = 60 min) the addition of nitrate. The significance (p < 0.05) of the difference in acid 
concentration between the time-points of the same treatment was tested using the Wilcoxon Signed Ranks 
test. The significance (p < 0.05) of the difference in acid concentration between the treatments at a single 
time-point was tested using the Mann-Whitney Test. The boxes represent the median and interquartile 
range (IQR), outliers more than 1.5x IQR are depicted by ○, and more than 3x IQR by . 
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Discussion 

We found that the addition of nitrate to microcosms originating from human saliva has an 

influence on microbial composition as well as acid production. The largest difference however, 

seemed to be influenced by the origin of the microcosms, i.e. the donors. 

 

Two different inocula resulted in different types of microcosms. Especially the composition of 

the microcosms, but also the nitrate reduction potential, developed differently depending on the 

donors. Differences in nitrate reduction activity in the oral cavity among individuals have been 

observed before4, 13, 27, 51. 

For donor A, the microcosm composition differed from the inoculum at week 1, yet the 

development of the microcosms was quite similar whether nitrate was added or not. In contrast, 

the microcosms from donor B still demonstrated a compositional resemblance to the inoculum 

at week 1, yet the compositional difference between the two treatments was significant. This 

would suggest a rather strong compositional resilience for the microcosms derived from donor 

A, indicating that the dominant taxa could adapt to both situations they were challenged with. 

Although it could also indicate that these taxa prefer other components of the medium and 

‘ignore’ the nitrate.  

However, there were OTUs in the microcosms derived from donor A that were associated with 

the Nitrate treatment, e.g. OTU5 (Neisseria cinerea). N. cinerea  ATCC 14685 is known to possess 

nitrite reductase, nitric oxide reductase and nitrous oxide reductase genes, although it does not 

seem to possess nitrate reductase genes52.  

OTU5 was also associated with the nitrate treated microcosms derived from donor B. Yet, 

OTUs that were identified as members of the genus Veillonella were predominant in these 

microcosms. Interestingly, OTUs designated as Veillonella were associated with the Control 

group during the first two weeks, while at weeks 3 and 4 (mostly) different OTUs that were also 

identified as Veillonella, were associated with the Nitrate group. Members of the genus Veillonella 

are known nitrate reducers13, 53. 

Some of the OTUs were present in the microcosms of both donors, yet associated with a 

different treatment, e.g. OTU1 (Peptostreptococcus) and OTU9 (Campylobacter). This indicates that 

the presence or absence of these taxa depends more on their preferred interactions with the 

microbial community than on the treatment.  

 

The effect of salivary nitrate on the acidity in the oral cavity has been investigated before by, 

among others, Li et al.27. They found that under anaerobic conditions, with glucose, the pH of 

saliva was higher in the presence of nitrate and nitrite compared to the absence of these two 

compounds. In their paper, they suggest possible mechanisms underlying their observations, 

namely: scavenging of acids, the repression of acid fermentation or increased alkali production. 

In our study, we did not observe a difference in ammonium production after the microcosms 

were incubated with nitrate either aerobically or anaerobically, between the two treatments and 

donors. Neither did we observe a difference in nitrate reduction or nitrite production in the 

same assay. Why we did not observe any differences is unclear. It is possible that the incubation 

time of the assay was too long or the right carbon source was not present.  
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When nitrate was added to the system, the level of nitrate within the microcosms increased, as 

expected. Additionally, the level of nitrate was slightly higher in the microcosms that received 

nitrate constantly. Remarkable was, that the level of nitrate in the microcosms of donor A 

appeared to be higher than donor B after 6 minutes. Possibly, the nitrate reduction activity in the 

microcosms of donor B commenced faster compared to donor A. After 6 minutes, nitrite 

formation had started in both the Control and Nitrate microcosms of donor A and the Nitrate 

group of donor B. Yet, it is unclear what happens to the nitrate in the Control microcosms of 

donor B, e.g. whether it is used in a different pathway where no nitrite is formed.  

Moreover, we performed an acidification assay and did not observe a difference in pH between 

the two treatments after sucrose was added. The contradiction to the findings by Li et al.27 might 

be explained by the fact that we did not add nitrate to this assay. In addition, this assay was 

performed aerobically. However, Xie et al.54 found that, under anaerobic circumstances, the 

presence of nitrate in wastewater did not inhibit acidogenesis, yet it changed the fermentation 

metabolites.  

Indeed, we observed the presence of diverse short chain fatty acids and found some differences 

in concentration between donors and treatments, especially after the addition of nitrate. 

The concentration of butyrate decreased in time in both groups of donor B. Yet, the decrease 

was much more pronounced in the Nitrate group. The association between nitrate and butyrate 

has been made before; the expression of a periplasmic nitrate reductase was higher when 

bacteria were grown on a reduced carbon source, such as butyrate55, 56. Xie et al.54 observed that 

butyrate was the preferred carbon source during nitrate reduction in wastewater, which in an 

anaerobic acidification reactor led to an almost complete depletion of butyrate. In contrast to 

the study by Xie et al.54, we did not observe an increase in acetate in the presence of nitrate. 

The production of lactate after sucrose addition was similar in both treatments and donors. The 

microbial formation of lactate in the oral cavity is one of the processes often associated with 

caries57. Likely, most lactate producers are not capable of nitrate reduction; hence the presence 

of nitrate does not influence their metabolism (suggested by Li et al.27). Moreover, metabolic 

differences between lactate producers and nitrate reducers might rule out competition between 

the respective species. Nonetheless, nitrate reduction can take place when lactate is the sole 

carbon source, although it can take over 18 h before this reaction is observed58. 

The reduction of nitrate to nitrite in the oral cavity is suggested to be a defense mechanism 

against caries26. Under acidic conditions, nitrite can be converted to nitric oxide, which is, 

amongst others, an antibacterial agent7, 59. This conversion would take place in the vicinity of 

lactate producing, thus cariogenic, bacteria and slow their growth or even kill them26, 28. 

Although we did not measure nitric oxide concentrations in this experiment, we did measure 

reduction of nitrate to nitrite, which in turn can be converted to nitric oxide. Yet, we did not 

observe a decrease in lactate formation. This could indicate that no nitric oxide was formed in 

this experiment, or the lactate producers in these microcosms were not sensitive to nitric oxide. 

On the other hand, it might also indicate that the anti-caries effect of nitrate reduction works 

through a different, so far unknown, principle.  

Interesting was the observation that in the sucrose metabolism assays, the concentration of 

phosphate had increased more in the Control groups of both donors compared to the Nitrate 
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group. It has been demonstrated before that the concentration of phosphate increased in in vitro 

plaque samples after they were treated with sucrose60. Our experiment could not clarify the 

source of the phosphate, e.g. if it was released from the extracellular matrix by solubilization or if 

phosphate was released from the bacterial cells during fermentation. Nevertheless, it appears 

that nitrate somehow suppresses phosphate release, since the pH decrease was similar in this 

assay for both donors and treatments.  

 

One of the drawbacks of this study is the relatively small amount of samples for the biochemical 

analyses. Considering pulse (sucrose or nitrate), treatment (Control or Nitrate) and donor (A or 

B), there were only two samples for each possible configuration per week (in contrast to the 

DNA samples that were taken twice a week only at t = 0 min and the pulse could be left out). 

Therefore we could not determine the biochemical changes in time, as was done for the DNA 

based samples.  

Moreover, we did not measure the ability to reduce nitrate or metabolize sucrose in the inocula. 

These data might have provided more insight in the development of the microcosms. As clearly 

shown, the microbial communities derived from different donors develop differently. One 

appears to be compositionally resilient against Nitrate supplementation, while the other adapts 

both compositionally and metabolically. A similar experiment should be performed, using 

inocula from more donors to see if these types of microcosm development are common and if 

they can be translated to an in vivo situation, in regard to the growing interest in the potential 

health benefits of nitric oxide formed as a result of nitrate reduction in the oral cavity. In 

addition, nitrate supplementation does effect the concentration of certain short chain fatty acids. 

An experiment where nitrate and sucrose are supplied at the same moment should be performed 

to know if this would influence the formation of lactate. Moreover, if nitrate reduction in the 

oral cavity of an individual is very low, supplementation with a specific carbon source or even 

molybdenum might be interesting.  

In short, a lot remains to be discovered about nitrate in the oral cavity, yet it certainly influences 

microbial composition as well as biochemistry.  
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Supplementary material 

 
Table S1: DSMZ trace element solution   

Trace element solution SL-4: 

EDTA 0.50 g 

FeSO4 x 7 H2O 0.20 g 

Trace element solution SL-6 (see below) 100.00 ml 

Distilled water 900.00 ml 

  

Trace element solution SL-6:  

ZnSO4 x 7 H2O 0.10 g 

MnCl2 x 4 H2O 0.03 g 

H3BO3 0.30 g 

CoCl2 x 6 H2O 0.20 g 

CuCl2 x 2 H2O 0.01 g 

NiCl2 x 6 H2O 0.02 g 

Na2MoO4 x 2 H2O 0.03 g 

Distilled water  1000.00 ml 

 

Table S2: One-way PERMANOVA between the Control and Nitrate groups 

 donor A donor B 

 p F p F 

Week 1 0.0809 1.932 0.0267 6.522 

Week 2 0.0604 2.540 0.0317 3.449 

Week 3 0.1430 2.134 0.0299 12.96 

Week 4 0.1712 1.914 0.0301 6.599 

 

 
Figure S1: Schematic overall configuration of the multi-plaque artificial mouth (MAM) system (a). 
Adapted from Wong L (2001) Mineralisation in dental plaque model systems. PhD Thesis, University of 
Otago, Dunedin, New Zealand. Photograph of the operational MAM (b). 
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Figure S2: Sampling scheme of the experiment. All microcosms (stations) received a continuous supply of 
defined mucin medium (DMM) supplemented with trace element solution DSMZ SL-4. The hatched 
circles represent the microcosms that received a continuous supply of 1 mM nitrate in addition to DMM. 
All microcosms received eight 6-min pulses of 10% (w/v) sucrose per 24 h. The pulses started at 1700 
hours and ended at 0700 hours. In addition, all microcosms received pulses of nitrate and sucrose once a 
week, pulses were given on separate days, to measure nitrate reduction and acid production. 

 

 
Figure S3: Shannon diversity index. The Shannon diversity index was calculated using PAST. 
Statistical significance (p < 0.05) was determined using the Wilcoxon Signed Ranks test. 
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Figure S4: Differentially abundant genera between the two treatments at each time-point per donor. The 
genera that were identified as differentially abundant through linear discriminant analysis effect (LEfSe) 
size score between the two treatments are displayed in the histogram. The white bars represent genera that 
were associated with the Control group; the black bars represent genera that were associated with the 
Nitrate group. 
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Figure S5: The concentration of nitrate, nitrite and ammonium after the nitrate reduction assay. The 
concentration of nitrate (a and b), nitrite (c and d) and ammonium (e and f) were measured 1 hour after 
adding 1 mM nitrate to the cell pellets. The samples were incubated aerobically and anaerobically.   
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Figure S6: Short chain fatty acid concentrations at the start and end point of the sucrose metabolism 
assay. The boxplots represent the concentration of all short chain fatty acids combined (a and b), lactate 
(c and d), succinate (e and f), acetate (g and h) propionate (i and j) and butyrate (k and l) at the start (t 
= 0 min), and end (t = 10 min) of the assay. The significance (p < 0.05) of the difference in acid 
concentration between the time-points of the same treatment was tested using the Wilcoxon Signed 
Ranks test. The boxes represent the median and interquartile range (IQR), outliers more than 1.5x IQR 
are depicted by ○, and more than 3x IQR by . 
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Figure S7: The pH at the start and end point of the sucrose metabolism assay. The significance (p < 0.05) 
of the difference in pH between the time-points of the same treatment was tested using the Wilcoxon 
Signed Ranks test. The significance (p < 0.05) of the difference in pH between the treatments at a single 
time-point was tested using the Mann-Whitney Test. The boxes represent the median and interquartile 
range (IQR), outliers more than 1.5x IQR are depicted by ○, and more than 3x IQR by . 

 

 

 
Figure S8: The concentration of phosphate at the start and end point of the sucrose metabolism assay. 
The concentration of phosphate was measured at the baseline (t = 0 min) and ten minutes (t = 10 min) 
after the addition of sucrose to the cell pellets. The significance (p < 0.05) of the difference in phosphate 
concentration between the time-points of the same treatment was tested using the Wilcoxon Signed Ranks 
test. The boxes represent the median and interquartile range (IQR), outliers more than 1.5x IQR are 
depicted by ○, and more than 3x IQR by . 
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The microbiota of the oral cavity have been a topic of research for quite some years. Yet, this 

research was mostly focused on isolated pathogenic species, with limited attention for the 

ecosystem and what a healthy ecosystem encompasses.  

The general aim of this thesis was to investigate the processes that underlie the 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.  

 

Summary 

In Chapter 2, we investigated the effect of a fluoride mouthwash and fixed orthodontic 

appliances on the oral microbiome of adolescents. In this controlled randomized clinical trial, 

10-16.8 year old individuals (n = 91), who were scheduled to receive orthodontic treatment with 

fixed appliances, participated. Half of the participants received a mouthwash containing 100 

ppm amine-fluoride and 150 ppm sodium-fluoride (Elmex caries protection, Colgate-Palmolive 

Europe, Therwil, Switzerland), while the other half received a placebo mouthwash without 

fluoride. The mouthwash was used from the time of bonding until debonding twice daily. 

Supragingival plaque samples were taken at six time-points during this study; once before the 

placement of the fixed appliances, twice during the treatment, at the time of debonding and 

twice after the fixed appliances were removed. In addition, a bleeding by probing score was 

recorded for each subject at these time-points. The bacterial composition of the supragingival 

plaque was determined by 16S rDNA sequencing using the 454 FLX Titanium platform (Roche, 

Basel, Switzerland).  

We did not observe differences in bacterial composition between the subjects who received the 

fluoride mouthwash and the subjects who received the placebo mouthwash. There was a slight 

difference in the bacterial profile as well as in specific genera in relation to gingival health status. 

The genera Selenomonas, Porphyromonas and Johnsonella were associated with gingivitis, while Derxia, 

Haemophilus and Rothia were associated with healthy gingiva. In addition, we observed changes in 

bacterial abundance in time during the study period. Although time did not seem to affect the 

bacterial profile, a range of genera significantly increased or decreased with time. Most notably 

were the increase of Streptococcus, Rothia and Actinomyces and the decrease of Leptotrichia and 

Campylobacter in time.  

This study demonstrates the resilience of the oral ecosystem in regard to the perturbations it was 

presented with, namely a fluoride mouthwash and fixed orthodontic appliances. Time appeared 

to be of the greatest influence on the bacterial composition. These differences in time can 

partially be explained by the effect of the orthodontic treatment. The alignment of the teeth and 

the subsequent removal of the orthodontic appliances reduces the number of retention sites, 

disenabling the colonization of certain bacteria. In addition, during adolescence, the body 

experiences many changes, some of which might influence the oral ecosystem1, 2.  
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In Chapter 3, we observed the effect of toothpaste containing 8% arginine on the oral microbial 

composition, lactate and ammonium production. In this pilot study, the subjects (n = 9) used a 

toothpaste containing 8% arginine (1.45 mg g-1 fluoride, Colgate-Palmolive, New York, USA) 

for eight weeks. In the two weeks prior to the arginine toothpaste use, and in the two weeks 

after the arginine toothpaste use was stopped, the participants used a control toothpaste (1.45 

mg g-1 fluoride, Prodent, Sara Lee Household & Bodycare, Exton, PA, USA). To test the 

bacterial arginolytic capacity and sucrose metabolic activity, saliva was collected prior to the start 

of the toothpaste usage, four weeks and eight weeks after the start and two weeks after 8% 

arginine toothpaste usage was stopped. DNA was isolated from plaque and saliva samples taken 

prior to the start of the experiment and eight weeks after the start. These samples of all the 

subjects were used for 16S rDNA sequencing, while the saliva samples of four of the subjects 

were also used for metagenome shotgun sequencing. Sequencing was performed using the 454 

FLX Titanium platform (Roche, Basel, Switzerland).  

We observed that during the use of the 8% arginine toothpaste, the arginolytic capacity of the 

microbiota increased, while the sucrose metabolic activity decreased. These effects reversed after 

the toothpaste use was discontinued. No clear change in the composition of the plaque 

microbiome was observed, in contrast to the bacterial composition of the saliva, which 

significantly changed during the course of the study. Most notably was the increase of the 

proportion of the genus Veillonella in saliva.  

The addition of arginine clearly affects the metabolic activity of salivary microorganisms, in 

addition to its effect on the bacterial composition in saliva.  

 

The effect of arginine on oral bacteria is also described in Chapter 4, although this chapter 

concerns the influence of arginine on oral microcosms. The multi-plaque artificial mouth 

(MAM) biofilm model3-5 was inoculated with saliva from a healthy donor. During this four week 

experiment, all eight microcosms received a continuous supply of defined mucin medium 

(DMM)6. Four of the microcosms (Arginine group) received an additional continuous supply of 

1.6% (w/v) arginine, which was added to the DMM. The other four microcosms functioned as a 

control (Control group). All microcosms received eight 6-minute pulses of 10% (w/v) sucrose 

daily, with two-hour intervals to mimic cariogenic conditions. To observe the ammonium and 

short chain fatty acid concentrations, samples were taken before and directly after a 6-minute 

sucrose pulse. Samples to be used for DNA isolation were only taken prior to a sucrose pulse. 

The obtained DNA was used to determine the bacterial composition by 16S rDNA sequencing 

using the 454 FLX Titanium platform (Roche, Basel, Switzerland), and the amount of Candida 

and arginine deiminase system (ADS) genes sagP and arcA (Streptococcus sanguinis and S. gordonii, 

respectively) by qPCR. Additionally, in situ pH profiles of two of the microcosms during the 

fermenting phase (sucrose supplementation) were established.  

The composition of the arginine treated microcosms remained stable in time, while the 

composition of the Control group diverged significantly in time. The genera Streptococcus, 

Veillonella and Actinomyces were highly abundant in both groups. Additionally, Megasphaera and 

Johnsonella were highly abundant in the Control group, while Peptostreptococcus and Neisseria were 

highly abundant in the Arginine group. The concentration of Candida had increased a 100-fold in 



Summary – General conclusion – Future perspectives 

128 

 

the Control group compared to the Arginine group, while the abundances of the sagP and arcA 

genes were higher in the Arginine group compared to the Control group. The pH in the 

Arginine microcosms was higher in the resting phase and recovered faster after the addition of 

sucrose compared to the Control microcosms. Accordingly, the concentration of ammonium 

was significantly higher in the Arginine group compared to the Control group. The formation of 

lactate after the addition of sucrose was similar in both groups, while the concentration of 

butyrate was significantly higher in the Control group compared to the Arginine group.  

The higher concentration of butyrate in the Control group most likely coincides with the higher 

abundance of Megasphaera, which is a butyrate producer7, 8. The supplementation of arginine, 

which is a substrate for the ADS that amongst others produces ammonia, explains the elevated 

levels of ammonium and pH in the Arginine group. This pH raise might also explain the lower 

abundance of Candida in the Arginine group9, 10. Arginine supplementation clearly influences the 

composition as well as the function of oral microcosms and creates a less cariogenic 

environment.  

 

The MAM3-5 was also used for the experiment described in Chapter 5. Here, we investigated the 

effect of nitrate on oral microcosms during a four week experiment. The eight MAM stations 

were inoculated with the saliva of two healthy donors. All of the stations received a continuous 

supply of defined mucin medium (DMM)6 with trace element solution DSMZ SL-4. Four of the 

microcosms (two per donor) received a continuous supply of nitrate (1 mM) that was added to 

the DMM (Nitrate group). The other four microcosms functioned as control (Control group). 

All microcosms received eight 6-minute 10% (w/v) sucrose pulses daily, at two-hour intervals. 

Additionally, the microcosms received a weekly (manual) pulse of nitrate and sucrose, both on 

separate days. The concentrations of different short chain fatty acids were measured before the 

sucrose pulse and 6 minutes and 60 minutes after the pulse. The same measurements were 

performed before and after the nitrate pulse in addition to the concentrations of nitrate and 

nitrite. A sucrose metabolism assay was performed measuring the concentration of short chain 

fatty acids and phosphate as well as the pH at the start and end of the 10-minute assay. A nitrate 

reduction assay was performed and the concentrations of nitrate, nitrite and ammonium were 

measured at the start and end of the 1 hour assay, both aerobically and anaerobically. Samples 

for DNA isolation were taken twice a week, when the microcosms were in the resting phase. 

The 16S rDNA was sequenced using the MiSeq platform (Illumina, San Diego, CA, USA).  

The development of the microcosms was different for both donors. For one of the donors the 

microbial composition of the microcosms remained similar in time, notwithstanding treatment, 

while for the other donor, the composition of the microcosms was significantly different 

between the treatments at all time-points. The genus Neisseria was highly abundant in the nitrate 

microcosms of both donors, while Veillonella was high in abundance in the nitrate microcosms 

of only one of the donors. The formation of lactate after the sucrose pulse was similar in all 

microcosms. On the other hand, the concentration of butyrate decreased in the Nitrate 

microcosms after the nitrate pulse compared to the Control microcosms. In the sucrose 

metabolism assay, the concentration of phosphate had increased significantly only in the Control 

microcosms after 10 minutes.  
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Although nitrate did have an influence on the composition and function of the oral microcosms, 

we found that the origin of the saliva had the largest influence on the observed differences.  

 

General conclusions 

The results of these experiments emphasize the complexity of the oral microbiome. On one 

hand, the results show that the microbiome can be steered, while on the other hand, resilience 

of the microbiome is demonstrated. 

Especially the influence of arginine on the oral microbiome was very clear, in vitro as well as in a 

clinical situation. Although arginine has been recognized as one of the pH-elevating agents in 

the oral cavity for quite some time, its effect on the oral ecosystem is not fully understood. In 

our in vitro experiment, we showed that the composition of microcosms, which received a 

constant supply of arginine, remained stable in time and were dominated by Veillonella, 

Streptococcus and Neisseria. Moreover, arginine halted the outgrowth of potentially pathogenic 

Candida. In addition, the concentration of the short chain fatty acid butyrate was lower in the 

microcosms that received arginine. The pH-raising effect of arginine was confirmed by in situ 

pH-measurements and the higher production of ammonium in the microcosms that received 

arginine, compared to those that did not receive arginine. The higher production of ammonium 

was measured as well in the oral cavity of individuals using arginine-containing toothpaste. 

During the use of this toothpaste, the concentration of lactate decreased. Corresponding to the 

in vitro study, the genus Veillonella increased in abundance during the use of arginine-

supplemented toothpaste. Based on these two studies, we can conclude that arginine can be 

regarded as a probiotic that steers the oral microbiome toward a less cariogenic environment.  

Conversely, the oral microbiome was not greatly affected by the use of an amine-fluoride and 

sodium-fluoride containing mouthwash during orthodontic treatment. Indeed, the effects of the 

orthodontic treatment itself, and time, were more pronounced. Yet, these factors only affected a 

few taxa and not the complete microbial composition. During the course of the treatment, the 

abundance of periodontal pathogens such as Porphyromonas and Selenomonas decreased, while the 

abundance of the health associated Streptococcus, Rothia and Haemophilus increased. This study 

demonstrates the remarkable resilience of the oral microbiome of adolescents toward diverse 

perturbations, yet it also demonstrates that orthodontic treatment does not have a negative 

influence on the oral ecosystem.  

The supplementation of nitrate did influence the composition as well as the metabolism of oral 

microcosms. The health benefits of nitrate only recently have been recognized and the influence 

of this compound on the oral ecosystem is not fully understood. In this in vitro experiment, we 

demonstrated that the concentration of butyrate had decreased in microcosms that received a 

constant supply of nitrate. Additionally, the presence of nitrate appeared to have an influence on 

the phosphate concentration in the sucrose metabolism assay; the concentration of phosphate 

was higher in the Control microcosms compared to the Nitrate microcosms. Yet, the presence 

of nitrate did not influence the production of lactate. The presence of nitrate was associated 

with a higher abundance of Neisseria. Although nitrate clearly affects the microbial composition 

and metabolism of oral microcosms, the result is strongly dependent on the inoculum. 



Summary – General conclusion – Future perspectives 

130 

 

Future research 

The general aim of this thesis was to investigate the influence of certain compounds on the 

microbial composition and metabolism of the oral ecosystem. Although some questions have 

been answered in this thesis, many still need to be solved. 

For instance, we observed that the influence of fixed orthodontic appliances on the composition 

of the oral microbiome was minimal. Moreover, the individuals receiving orthodontic treatment 

were adolescents and during this stage in life, the human body experiences many hormonal as 

well as behavioral changes, making the resilience of the oral microbiome even more remarkable. 

The resilience of a bacterial community can be of great interest for the maintenance of human 

health. Knowing and understanding the mechanisms behind the resilience of the oral 

microbiome of individuals undergoing quite drastic perturbations will be of great value for 

future health care.  

Another observation that should be addressed in future research is the effect of the amino acid 

arginine on Candida. In vitro, the presence of arginine showed to prevent the outgrowth of 

Candida. Whether this was a consequence of the pH change, indirectly caused by arginine, 

creating a ‘stressful’ environment for Candida, while favoring the growth of bacteria that 

function as a Candida antagonist, or of the arginine itself is not clear. Moreover, the effect of 

arginine on Candida was not assessed in the clinical study. Assessment of the presence of Candida 

should be included in future clinical studies to determine if arginine can function as a possible 

anti-Candida agent, since Candida outgrowth can be quite problematic, especially in the oral cavity 

of immunocompromised patients. Additionally, in neither the in vitro nor the clinical study did 

we investigate the long-term effect of arginine on the oral ecosystem. This would be of interest 

for future research in relation to possible adverse effects of arginine on the healthy state of the 

periodontium, for an elevated pH is related to a less cariogenic environment, yet also to a higher 

risk of periodontal disease11. 

We observed that nitrate supplementation influenced the composition and metabolism of oral 

microcosms. We did not observe the presence of nitrate leading to less cariogenic microcosms 

in relation to lactate formation and pH, even though nitrate has been suggested to have an anti-

caries affect12-14. In future experiments it might be useful to assess carbohydrate metabolism 

while sucrose and nitrate are supplied simultaneously. In addition, the development of the 

microcosms was strongly dependent on the origin of the saliva. It might be suitable to perform 

similar experiments using the saliva of a higher number of donors to see if there is a common 

response to nitrate supplementation. The role of nitrate and its derivative nitric oxide as a 

possible health benefactor, in the oral cavity as well as in the whole human body, has only 

recently been recognized. Since nitrate metabolism in the human body is complex because 

bacterial as well as human pathways are involved and it is influenced by factors such as pH and 

the presence of oxygen, it will be a topic of research for many years to come.  

Remarkably, both nitrate supplementation and arginine supplementation in the MAM influenced 

the concentration of butyrate in the microcosms. Although the production of butyrate by gut 

bacteria is associated with a healthy state of the human colon15-17, butyrate produced by certain 

oral bacteria is thought to play a role in the development of periodontal disease18, 19. This shows 

that a compound may positively influence one ecosystem of the human body, while adversely 
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affecting another; hence, the effects of supplements to benefit oral health on other parts of the 

human body require further investigation. This will go hand in hand with the rapidly changing 

DNA sequencing techniques.  

Obviously, there is still a lot of research that needs to be done to fully comprehend the 

processes that underlie the oral ecosystem, because only when we truly understand what health 

is, we can prevent disease.  
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Orale micro-organismen zijn al lange tijd onderwerp van wetenschappelijk onderzoek. Voorheen 

was dit onderzoek voornamelijk gericht op het isoleren van pathogene soorten; de aandacht 

voor het gehele ecosysteem en wat een gezond ecosysteem behelst, was beperkt.  

Het doel van deze thesis was om te achterhalen wat een gezond oraal ecosysteem is, en hoe dit 

ecosysteem gezond kan blijven. Het onderzoek bestond uit klinische onderzoeken en in vitro 

experimenten, waarbij gekeken werd naar de invloed van fluoride, arginine en nitraat op de orale 

micro-organismen.  

 

 

Samenvatting 

In Hoofdstuk 2 wordt het onderzoek naar het effect van een mondspoelmiddel met fluoride en 

vaste beugel op het microbioom van adolescenten beschreven. De 91 personen (10-16.8 jaar 

oud die deelnamen aan dit onderzoek, stonden allemaal ingepland om orthodontische vaste 

apparatuur geplaatst te krijgen. De ene helft van de deelnemers ontving een mondspoelmiddel 

dat 100 ppm fluoride als aminefluoride en 150 ppm fluoride als natriumfluoride (Elmex caries 

protection, Colgate-Palmolive Europe, Therwil, Switzerland) bevatte. De andere helft van de 

deelnemers ontving een placebo mondspoelmiddel dat geen fluoride bevatte. De deelnemers 

gebruikten het mondspoelmiddel tweemaal daags vanaf het plaatsen van de beugel tot het 

moment dat de beugel verwijderd werd. Op zes momenten gedurende deze studie werd tandplak 

afgenomen bij de deelnemers; voor het plaatsen van de beugel, twee keer gedurende de 

behandeling, voor het verwijderen van de beugel en twee keer nadat de beugel verwijderd was. 

Daarnaast werd er op deze momenten de bloedingsscore gemeten met een sonde. De bacteriële 

samenstelling van de tandplak werd bepaald door het sequencen van het 16S rRNA gen.  

In deze studie was er geen waarneembaar verschil in bacteriële samenstelling van tandplak 

tussen de deelnemers die het mondspoelmiddel met fluoride gebruikten en de deelnemers die 

het placebo mondspoelmiddel gebruikten. Er was wel een klein verschil tussen het bacteriële 

profiel en enkele specifieke genera met betrekking tot de gezondheid van het tandvlees. De 

genera Selenomonas, Porphyromonas en Johnsonella werden geassocieerd met gingivitis, terwijl  Derxia, 

Haemophilus en Rothia werden geassocieerd met gezond tandvlees. Daarnaast nam de hoeveelheid 

van bepaalde bacteriën toe of af gedurende het onderzoek. Het meest opvallend waren de 

toename van Streptococcus, Rothia en Actinomyces en de afname van Leptotrichia en Campylobacter. 

Dit onderzoek laat zien hoe veerkrachtig het orale ecosysteem kan zijn, de samenstelling bleef 

stabiel ondanks de aanwezigheid van fluoride en een beugel. De factor tijd leek de grootste 

invloed op de bacteriële samenstelling te hebben. Dit kan deels verklaard worden door het effect 

van de orthodontische behandeling; de tanden gaan recht staan en na het verwijderen van de 

beugel zijn er minder aanhechtingsplaatsen voor bacteriën. Daarnaast ondergaat het menselijk 

lichaam vele veranderingen gedurende adolescentie, waarvan sommige het orale ecosysteem 

kunnen beïnvloeden1, 2. 

 

In Hoofdstuk 3 wordt het onderzoek naar het effect van tandpasta met 8% arginine op de 

samenstelling van het orale microbioom en de bacteriële productie van lactaat en ammonium 
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beschreven. De verzuring van het orale milieu, bijvoorbeeld door de bacteriële omzetting van 

suikers naar vetzuren zoals lactaat, wordt in verband gebracht met de vorming van cariës. De 

bacteriële omzetting van arginine wordt juist in verband gebracht met een verhoging van de pH, 

door de vorming van ammonium, en dientengevolge een minder cariogeen milieu.  

De negen proefpersonen die deelnamen aan deze pilotstudie gebruikten gedurende acht weken 

de tandpasta met 8% arginine (1450 ppm fluoride, Colgate-Palmolive, New York, VS). In de 

twee weken voordat de deelnemers begonnen met het gebruik van de arginine tandpasta en twee 

weken nadat men met het gebruik van de arginine tandpasta was gestopt, werd een controle 

tandpasta (1450 ppm fluoride, Prodent, Sara Lee Household & Bodycare, Exton, PA, USA) 

zonder arginine gebruikt. Speekselmonsters werden gebruikt om de bacteriële lactaat en 

ammonium productie te meten. Deze monsters werden afgenomen direct voordat men begon 

met het gebruik van de arginine tandpasta, vier en acht weken na dit moment en twee weken 

nadat het gebruik van de arginine tandpasta was gestopt. DNA werd geïsoleerd uit tandplak en 

speeksel dat was afgenomen direct aan het begin van de studie en na acht weken. Het 16S rRNA 

gen van al deze monsters werd gesequenced. Daarnaast werd het speeksel van vier van de 

deelnemers ook gebruikt voor metagenoom sequencing. Gedurende het gebruik van de 8% 

arginine tandpasta, werd er meer ammonium geproduceerd, terwijl de productie van lactaat 

afnam. Nadat men met het gebruik van de tandpasta was gestopt werd de productie van lactaat 

hoger en de productie van ammonium juist lager. Er werd geen duidelijke verandering in de 

samenstelling van het plakmicrobioom waargenomen, terwijl de samenstelling van het 

speekselmicrobioom significant veranderde tijdens het gebruik van de arginine tandpasta. Het 

meest opvallend was de proportionele toename van Veillonella in speeksel.  

Deze resultaten laten zien dat de toevoeging van 8% arginine aan tandpasta een duidelijk effect 

heeft op de bacteriële samenstelling alsmede de bacteriële productie van ammonium en lactaat in 

speeksel.  

 

Ook in Hoofdstuk 4 wordt het effect van arginine op de samenstelling en metabole activiteit 

van orale bacteriën beschreven, al gaat het hier om de invloed van arginine op orale biofilm in 

vitro. Het multi-plaque artificial mouth (MAM) biofilm systeem3-5 werd geïnoculeerd met 

speeksel van een gezonde donor. Tijdens dit vier weken durende experiment werden de 8 

biofilms continu voorzien van artificieel speeksel (DMM)6. Vier van de acht biofilms kregen 

daarnaast ook 1.6% (w/v) arginine, dat was toegevoegd aan het DMM. De andere vier biofilms 

fungeerden als controle group. Om een cariogene situatie na te bootsen kregen alle biofilms acht 

keer per dag gedurende 6 minuten, met tussenpozen van 2 uur, 10% (w/v) sucrose toegediend. 

Voor en na het toedienen van sucrose werden monsters van de biofilms genomen om de 

ammonium- en vetzuurconcentraties te kunnen meten. Monsters om DNA uit te isoleren 

werden alleen voor het toedienen van sucrose genomen. Dit DNA werd gebruikt om de 

bacteriële samenstelling van de biofilms te bepalen door middel van het sequencen van het 16S 

rRNA gen. Daarnaast werd het geïsoleerde DNA gebruikt om de relatieve hoeveelheden Candida 

en arginine deiminase system (ADS) genen sagP en arcA (respectievelijk: Streptococcus sanguinis and 

Streptococcus gordonii) te bepalen door middel van qPCR. Ook werd de pH van twee van de 

biofilms bepaald gedurende de sucrose toevoegingen.  
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De bacteriële samenstelling van de biofilms die constant arginine toegediend kregen, bleef 

stabiel tijdens het experiment, terwijl de samenstelling van de controle biofilms juist significant 

veranderde. De genera Streptococcus, Veillonella en Actinomyces waren sterk vertegenwoordigd in alle 

biofilms, Megasphaera en Johnsonella kwamen het meeste voor in de controle biofilms en 

Peptostreptococcus en Neisseria kwamen het meest voor in de arginine biofilms. De hoeveelheid 

Candida was 100-voudig toegenomen in de controle biofilms in vergelijking tot de arginine 

biofilms. De sagP en ArcA genen daarentegen, waren meer toegenomen in de arginine biofilms 

in verhouding tot de controle biofilms. In vergelijking tot de controle biofilms, was de pH in de 

arginine biofilms hoger. De hoeveelheid lactaat die gevormd werd na de toediening van sucrose 

was gelijk in alle biofilms, de concentratie butyraat was significant hoger in de controle biofilms.  

Het is zeer waarschijnlijk dat de hogere concentratie butyraat in de controle biofilms verband 

houdt met de hogere aanwezigheid van Megasphaera. Het is bekend dat leden van dit genus 

butyraat produceren7, 8. Arginine is een substraat voor het ADS en ammonia is een product van 

het ADS, dit verklaard de hogere concentratie ammonium en hogere pH in de arginine biofilms. 

Deze hogere pH verklaart mogelijk ook de lagere hoeveelheid Candida in de arginine biofilms in 

vergelijking tot de controle biofilms9, 10. Candida kan pathogeen worden, vooral in personen met 

een verzwakt immuunsysteem, daarom is het vinden van manieren om Candida groei te kunnen 

onderdrukken van groot belang. Hoewel de lactaat vorming na het toedienen van sucrose 

vergelijkbaar was in beide biofilms, was de pH in de arginine biofilms hoger in de arginine 

biofilms in vergelijking tot de controle biofilms, wat duidt op een anti-cariës effect. Butyraat is 

een vetzuur waarvan de aanwezigheid in de darmen als positief wordt beschouwd. Of de 

productie van butyraat in de mond ook effect heeft op de productie van butyraat in de darmen is 

niet bekend.  

Al met al maken deze resultaten duidelijk dat arginine de samenstelling en de metabole activiteit 

van orale biofilms beïnvloedt, met gevolg dat er een minder cariogeen mileu wordt gecreëerd.   

 

Het MAM3-5 biofilm model werd ook gebruikt voor het experiment dat wordt beschreven in 

Hoofdstuk 5. In dit vier weken durende experiment werd gekeken naar het effect van nitraat op 

orale biofilms. De aanwezigheid van nitraat in voeding werd lange tijd als nadelig voor de 

gezondheid gezien, maar dit beeld begint langzaam te veranderen. Vooral de omzetting van 

nitraat in nitriet door orale bacteriën en de daarop volgende omzetting van nitriet in 

stikstofmonoxide in de maag wordt in verband gebracht met gezondheidsbevorderende 

processen, zoals verlaging van de bloeddruk. Ook zijn er aanwijzingen dat de omzetting van 

nitraat in nitriet door orale bacteriën een anti-cariës effect zou kunnen hebben.  

De MAM werd geïnoculeerd met speeksel van twee gezonde donoren. Alle acht biofilms kregen 

continu artificieel speeksel (DMM)6 toegediend waaraan spoorelementen waren toegevoegd 

(DSMZ SL-4). Vier van de acht biofilms (twee per donor) kregen daarnaast ook nitraat (1 mM), 

dat was toegevoegd aan het DMM. De overige vier biofilms fungeerden als controle. Alle 

biofilms kregen acht keer per dag, gedurende 6 minuten, met tussenpozen van 2 uur, 10% (w/v) 

sucrose toegediend. Daarnaast werden sucrose en nitraat wekelijks, op twee verschillende dagen 

handmatig toegediend. Vóór en 6- en 60 minuten na het (handmatig) toedienen van de sucrose, 

werden monsters van de biofilms genomen om de concentratie vetzuren te meten. Vóór en 6- 
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en 60 minuten na het (handmatig) toedienen van nitraat, werden monsters van de biofilms 

genomen om de concentratie nitraat, nitriet en vetzuren te meten. Hiernaast werd buiten de 

MAM de omzetting van sucrose en nitraat, door middel van biochemische assays gemeten. In de 

sucrose metabolisme assay werden, voor en nadat biofilm monsters 10 minuten waren 

geïncubeerd met sucrose, de pH en verschillende vetzuren en fosfaat gemeten. In de nitraat 

reductie assay werden de concentraties van nitraat, nitriet en ammonium gemeten nadat de 

monsters 1 uur waren geïncubeerd met nitraat onder aërobe en anaërobe omstandigheden. 

Monsters om DNA uit te isoleren werden twee keer per week genomen. Dit DNA werd 

gebruikt om de bacteriële samenstelling van de biofilms te bepalen door middel van het 

sequencen van het 16S rRNA gen. 

De ontwikkeling van de biofilms verschilde sterk per donor. In het ene geval bleef de bacteriële 

samenstelling van de biofilms gelijk, ongeacht de toevoeging van nitraat aan het DMM, terwijl in 

het andere geval de samenstelling van de biofilms significant verschilde met betrekking tot het 

wel of niet continu toedienen van nitraat. Het genus Neisseria kwam veel voor in alle nitraat 

biofilms, terwijl Veillonella zeer veel voorkwam in de nitraat biofilms van één van de donoren. 

De concentratie lactaat, na het toedienen van sucrose, was gelijk in alle biofilms. De concentratie 

butyraat nam af in de nitraat biofilms, na de handmatige toevoeging van nitraat, in vergelijking 

tot de controle biofilms.  

Een mechanisme waardoor nitraat een anti-cariës effect zou hebben, is dat het wordt omgezet in 

het, onder andere, anti-microbiële stikstofmonooxide bij een lage pH. Deze omzetting zou 

plaatsvinden in de buurt van zuur (lactaat) producerende bacteriën en deze vervolgens doden. In 

dit experiment was er geen significant verschil waarneembaar in lactaat productie tussen de beide 

biofilms. Dit kan er bijvoorbeeld op duiden dat de lactaat producerende bacteriën niet gevoelig 

waren voor stikstofmonoxide, maar het is ook mogelijk dat het anti-cariës effect van nitraat 

volgens een, nog onbekend principe werkt.  

Desalniettemin beïnvloedt de toevoeging van nitraat zowel de samenstelling als de metabole 

activiteit van orale biofilms, maar de herkomst van het inoculum maakte het grootste verschil.  
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