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GENERAL INTRODUCTION 

 Polymicrobial oral biofilms 

The human microbiome is the collection of micro-organisms that live in and on the body, and 
contains representatives from all domains of life: Archaea, Bacteria and Eukaryota. One may 
not realize that our body contains approximately as many human cells as bacterial cells (1:1 
ratio) (Sender et al., 2016). Bacteria of the human microbiome are diverse and many species 
have beneficial functions, e.g. protect the symbiotic balance between the host and oral 
bacteria from exogenous organisms. Although there is an anatomical connection for bacteria 
from one site to another within the body (mouth, gut, skin) the microbiome of these 
environments is different. This is a clear example of how a specific niche with specific physico-
chemical properties and biological characteristics will lead to a different microbial 
composition. 

In this thesis we focused on bacteria of the oral cavity, which form a community of organisms 
in conjunction with nonliving components (teeth, implants, prosthetic devices), interacting as 
a system. The mouth is a nutrient-rich, warm and humid environment in which polymicrobial 
biofilms (consortia) are formed in an organized manner. Biofilms form on all surfaces, i.e. both 
on teeth and oral implants (Marsh et al., 2011). The availability of nutrients and the niche in 
this ecosystem (teeth, sulcular crevice, periodontal pocket, tongue, and other mucosal 
surfaces) will influence and determine the bacterial composition (Marsh, 2004). It has been 
demonstrated that the composition of bacterial communities varies among individual sites and 
different micro-niches, e.g. lingual and vestibular sides of a tooth (Simon-Soro et al., 2013). 

 Decades of limited insight due to incomplete microbial detection techniques 

For decades researchers have been limited in studying this ecosystem due to the microbial 
detection techniques available at the time. Traditional techniques for microbial identification, 
so called ‘targeted’ techniques, have the “bias” of detecting what was known based on 
culturing. Cultivable species provided at first the basis for the selection of the probe panel 
needed for molecular techniques, restricting to a pre-selection of target organisms, e.g. 
checkerboard DNA-DNA hybridization, PCR, quantitative PCR. The emergence of ‘open-ended’ 
techniques offered to overcome this bias. These new techniques, called Next Generation 
Sequencing (NGS), like 454 pyrosequencing, have recently contributed, and greatly enhanced 
our understanding of oral polymicrobial communities. These techniques are in continuous 
development and improve along with progression in bioinformatics software (Zaura, 2012). 
New technologies have provided novel insights into how dental plaque functions as a biofilm. 

 

 Living in harmony with the host - symbiosis 

Symbiosis is a close and often long-term interaction between two or more different biological 
species (Lamont and Hajishengallis, 2014). Throughout life the oral microbiome lives in close 
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relationship with the host and it is exposed to environmental changes that have an impact on 
its composition i.e. due to aging or changes in diet. The ability of the (oral) ecosystem to adapt 
to changes is known as oral allostasis (Zaura and ten Cate, 2015). Moreover, the oral 
microbiome is continuously exposed to host and environmental factors, such as saliva, oxygen, 
diet and oral hygiene measures. The healthy oral microbiome has the ability to deal with these 
perturbations and recover; this is known as resilience (Rosier et al., 2014). In chapter 2 an 
overview of the healthy oral microbiome will be provided, describing how NGS approaches 
have changed the concept of the diversity and composition of the human oral microbiome. 

 The broken balance - dysbiosis 

The healthy oral ecosystem (host-microbe homeostasis) is able to recover from daily 
challenges (resilience), such as diet. Currently it is recognized that several host – and microbial 
factors contribute to this homeostasis (Meyle and Chapple, 2015). Poor control of the 
supragingival biofilms (dental plaque) for prolonged periods of time results in inflammation of 
the soft tissues (Lang et al., 2009). In the dento-gingival area this results in gingivitis (Fig. 1.1). 
In the implanto-mucosal area, this inflammation is termed mucositis (Renvert and Polyzois, 
2015). These diseases can remain for a prolonged period of time. 

The progression of the periodontal diseases is highly depending on susceptibility of the host 
and risk factors and a multitude of immune-inflammatory interactions. In some individuals 
gingivitis does not progress to periodontitis. From the ecological perspective this is called 
“incipient dysbiosis”. On the other hand, in highly susceptible patients only mild biofilm 
accumulation appears to exceed the threshold necessary to trigger a destructive host response 
and subsequent tissue damage. 
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Figure 1.1. Polymicrobial synergy and dysbiosis in periodontitis. 

Reprinted by permission from Macmillan Publishers Ltd: Nature Reviews Immunology From: 
Periodontitis: from microbial immune subversion to systemic inflammation; Author: George 
Hajishengallis. 15, 30–44 (Hajishengallis, 2015), copyright 2015 

 

 Dysbiotic periodontal microbiome 

Experimental research has demonstrated that - clinically - gingivitis manifests itself after days 
or weeks of biofilm accumulation (Theilade, 1996, Loe et al., 1965), while changes in the 
underlying periodontal tissues (e.g. bone level) may occur in months or years (depending on 
the susceptibility of the host) and result in the development of periodontal pockets (Lang et 
al., 2015, Lang et al., 2009). While clinically the periodontal pocket in combination with clinical 
attachment loss represents the severity of periodontal tissue breakdown, from the ecological 
perspective it is a protective niche for microbial growth. 

The availability of nutrients, redox potential and oxygen levels depend on several factors 
(among which pocket depth and local immune response) and will affect the microbial 
composition (Zhuang et al., 2014). Although periodontitis is initiated and sustained by 
dysbiosis in the subgingival microbiome, the progressive nature of the disease is determined 
by the susceptibility of the host (Meyle and Chapple, 2015).  

General introduction 

11 

 

Besides expanding our knowledge on the diversity of complex ecosystems, NGS techniques 
have also changed our concepts of the pathogenesis of periodontal diseases, in which bacteria 
play an important role. Culture-dependent and targeted methods for the characterization of 
the periodontal microbiota have focused on ‘periodontal pathogens’: a triad of oral anaerobic 
bacteria that comprises P. gingivalis, Treponema denticola and Tannerella forsythia which 
have traditionally been considered as “putative periodontal pathogens”, based on their 
virulence properties and strong association with diseased sites (Socransky et al., 1998). It is of 
note that, with open-ended techniques, the same species appear to be associated with 
periodontal disease (Griffen et al., 2012), a more holistic concept of bacterial communities in 
contrast to the single-pathogen concept has provided a more ecological view with respect to 
the etiology of oral diseases.  

 Dysbiotic peri-implant microbiome 

Osseointegrated dental implants are currently a well-established treatment option in 
dentistry. As soon as the (healing) abutment on an implant is exposed to the environment, a 
so-called ‘pristine pocket’ is formed and immediately colonized by microorganisms attaching 
to the implant abutment surface, resulting in a polymicrobial biofilm. A climax community is 
reached within 2 weeks (Quirynen et al., 2006). 

Polymicrobial biofilm accumulation on implants is considered a risk factor for peri-
implant mucositis (Renvert and Polyzois, 2015). Although peri-implant diseases are microbial 
induced diseases, the pathogenesis of the disease is complex. Other factors have been shown 
to contribute to disease etiology such as the surface material of the dental implants, 
topography, surface roughness, surface tension, alloy composition and biocompatibility 
(Renvert and Quirynen, 2015). Even though these factors can be interrelated, each of them 
can independently influence not only bacterial colonization but also the reaction of the host 
cells.  Other risk indicators, e.g. smoking, play an important role in the pathogenesis of peri-
implant diseases (Renvert and Quirynen, 2015). 

It is generally accepted that mucositis is the precursor of peri-implantitis (Jepsen et al., 
2015) as gingivitis is for periodontitis. Therefore, the prevention and treatment of peri-implant 
mucositis is of great interest (Jepsen et al., 2015).  

 Periodontal versus peri-implant microbiome 

The inflammatory reactions surrounding dental implants are clinically visualized by a change in 
mucosal color and contour and bleeding on gentle probing (<0.25 N) based on which the 
diagnosis of peri-implant mucositis can be established. Many bacterial species of the identified 
bacteria, cultivable and non-cultivable, have the potential to trigger an inflammatory state in 
susceptible individuals. The inflammatory state can further progress and affect the bone. The 
more severe form of inflammation called ‘peri-implantitis’ is described as “inflammatory 
reactions associated with the loss of supporting bone around a functioning implant” (Zitzmann 
and Berglundh, 2008). A meta-analysis estimated a weighted mean prevalence of peri-implant 
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mucositis of 43% (CI: 32–54%) and for peri-implantitis of 22% (CI: 14–30%) (Derks and Tomasi, 
2015). Since mucositis is the precursor to peri-implantitis, the prevention and treatment of 
peri-implant mucositis is of primary interest (Jepsen et al., 2015). 

It has been shown that the subgingival microbiomes of periodontal and peri-implant niches 
are compositionally different and that the microbial diversity in periodontitis is higher than in 
peri-implantitis (Dabdoub et al., 2013, Kumar et al., 2012). Although periodontitis and peri-
implantitis are considered different diseases (Robitaille et al., 2016), the current treatment 
strategies for peri-implantitis are based on the knowledge related to the treatment of 
periodontal diseases. Hence, there is an urge to increase our knowledge of the etiology and 
treatment of peri-implant diseases. 

Given the fact that periodontitis and peri-implantitis biofilms have different microbial 
composition, treatment approaches based on the outcomes of the treatment of the 
periodontal disease might be debatable for peri-implant disease. 

 Restoring the balance 

Thus, understanding the composition of the periodontal and peri-implant microbiota and their 
interaction with the host will give new insights into the role these microbial communities play 
in health and disease. Possibly this could lead to novel antimicrobial or therapeutic strategies 
aimed at correcting dysbiosis and restoring the healthy periodontal or peri-implant 
microbiome. 

Regular mechanical removal of biofilms from all non-shedding oral surfaces is the primary 
prerequisite to prevent disease. Toothbrushing, the mechanical removal of dental plaque, is 
the most important tool available to control the outgrowth and maturation of oral biofilms. A 
recent systematic review (Slot et al., 2012) reported that a 42% plaque score reduction was 
achieved using a manual toothbrush. Rosema et al. (Rosema et al., 2014) evaluated the 
effectiveness of a single powered brushing episode, which resulted in an average weighted 
mean plaque score reduction of 46%. These results taken together and the fact that a 
powered toothbrush is not for all individuals affordable, there is an urge to improve our 
methods in controlling dental plaque (biofilms). To further improve the efficacy of plaque 
removal, interdental brushes could be advised (Van der Weijden and Slot, 2015). Chemical 
agents can be used as an adjunct to self-performed oral hygiene when proper toothbrushing 
cannot be achieved or because of inadequate skills or lack of compliance (Van der Weijden et 
al., 2015). 

From an ecological perspective, an antimicrobial agent should not eradicate the commensal 
oral microbiota. Instead, it should maintain the microbiota of the mouth at the level and 
composition that is compatible with oral health, this way preserving the beneficial functions of 
resident microbes (Marsh,2012; ten Cate and Zaura, 2012). Currently, there is a wide range of 
over the counter mouthwash products available, containing various active ingredients with for 
each of these specific indications. Some of these mouthwashes have no scientific background 
for their claims.  
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 Studying antimicrobial strategies in vitro  

The evaluation of novel active agents and formulations in human in properly designed 
randomized clinical trials (RCT’s) is time-consuming and has many difficulties as it relies on the 
compliance of the volunteers. It is also impossible to test new compounds in humans from 
which no evidence of effectiveness or safety is available.  

Consequently, in vitro biofilm models have been developed, which are easier to control when 
testing a specific variable. Various supragingival and subgingival plaque biofilm models have 
been described to study biofilm formation and antimicrobial approaches. In vivo, oral biofilms 
are of polymicrobial nature. Therefore in this thesis we focused on polybacterial biofilm 
models. There are supragingival and subgingival biofilm models that use a pre-selected 
consortium of cultivable bacteria (Shapiro et al., 2002). However in vivo, oral biofilms are far 
more complex. To overcome this problem, several workers in the field have used saliva as 
inoculum (Kistler et al., 2015). Recently it has been shown that saliva poorly represents the 
bacterial composition of biofilms grown on teeth. Therefore we have developed a biofilm 
model using dental plaque as inoculum. 
  



1

Chapter 1 

12 

 

mucositis of 43% (CI: 32–54%) and for peri-implantitis of 22% (CI: 14–30%) (Derks and Tomasi, 
2015). Since mucositis is the precursor to peri-implantitis, the prevention and treatment of 
peri-implant mucositis is of primary interest (Jepsen et al., 2015). 

It has been shown that the subgingival microbiomes of periodontal and peri-implant niches 
are compositionally different and that the microbial diversity in periodontitis is higher than in 
peri-implantitis (Dabdoub et al., 2013, Kumar et al., 2012). Although periodontitis and peri-
implantitis are considered different diseases (Robitaille et al., 2016), the current treatment 
strategies for peri-implantitis are based on the knowledge related to the treatment of 
periodontal diseases. Hence, there is an urge to increase our knowledge of the etiology and 
treatment of peri-implant diseases. 

Given the fact that periodontitis and peri-implantitis biofilms have different microbial 
composition, treatment approaches based on the outcomes of the treatment of the 
periodontal disease might be debatable for peri-implant disease. 

 Restoring the balance 

Thus, understanding the composition of the periodontal and peri-implant microbiota and their 
interaction with the host will give new insights into the role these microbial communities play 
in health and disease. Possibly this could lead to novel antimicrobial or therapeutic strategies 
aimed at correcting dysbiosis and restoring the healthy periodontal or peri-implant 
microbiome. 

Regular mechanical removal of biofilms from all non-shedding oral surfaces is the primary 
prerequisite to prevent disease. Toothbrushing, the mechanical removal of dental plaque, is 
the most important tool available to control the outgrowth and maturation of oral biofilms. A 
recent systematic review (Slot et al., 2012) reported that a 42% plaque score reduction was 
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each of these specific indications. Some of these mouthwashes have no scientific background 
for their claims.  
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 Studying antimicrobial strategies in vitro  

The evaluation of novel active agents and formulations in human in properly designed 
randomized clinical trials (RCT’s) is time-consuming and has many difficulties as it relies on the 
compliance of the volunteers. It is also impossible to test new compounds in humans from 
which no evidence of effectiveness or safety is available.  

Consequently, in vitro biofilm models have been developed, which are easier to control when 
testing a specific variable. Various supragingival and subgingival plaque biofilm models have 
been described to study biofilm formation and antimicrobial approaches. In vivo, oral biofilms 
are of polymicrobial nature. Therefore in this thesis we focused on polybacterial biofilm 
models. There are supragingival and subgingival biofilm models that use a pre-selected 
consortium of cultivable bacteria (Shapiro et al., 2002). However in vivo, oral biofilms are far 
more complex. To overcome this problem, several workers in the field have used saliva as 
inoculum (Kistler et al., 2015). Recently it has been shown that saliva poorly represents the 
bacterial composition of biofilms grown on teeth. Therefore we have developed a biofilm 
model using dental plaque as inoculum. 
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 ACTA active attachment model (AAA-model) 

For studying subgingival biofilms, various insert materials have been used, placing into 
periodontal pockets of periodontitis patients (Zijnge et al., 2010). This approach represents an 
invasive method in a periodontal pocket, which can be of a problem when recruiting 
volunteers and has ethical limitations. This AAA-model has been developed at ACTA (Fig. 1.2), 
primarily to study caries-related biofilms (Deng et al., 2009, Exterkate et al., 2010). It is a 
model which allows for complex polymicrobial biofilm formation depending on the active 
attachment of bacteria to a substratum. One advantage of this model is that various types of 
substrata can be used for the screening or comparison of many antimicrobial compounds at 
the same time.  

 

 

 

 

 

Figure 1.2. Active attachment model  
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Outline of this thesis 

The overall aim of this PhD research was to study the biodiversity of oral microbial 
communities both in vivo and in vitro with an underlying focus on antimicrobial treatment of 
periodontal diseases. 

 

The following questions will be addressed: 

1. To what extent have NGS approaches changed our concept of the diversity and 
composition of the human oral microbiome? (chapter 2)  

2. Currently, there is a wide range of over the counter mouthwash products available, 
containing various active ingredients with for each of these specific indications. Can 
we use a microcosm biofilm model to assess the effect of “new” mouthwashes on 
bacterial composition? (chapter 3) 

3. Does an oxygenating mouthwash (Ardox-X, commercially known as O7 active®) have 
the potential to affect the microbial composition of dental plaque in healthy 
volunteers? (chapter 4a) 

4. In the dental office, the presence of dental plaque is commonly made visible to the 
patient using a disclosing solution (i.e. erythrosine or a two-tone plaque disclosing 
solution). The use of a QLF-camera has been recently introduced as a diagnostic 
method in the dental office (20). Can red autofluorescing plaque be used to assess 
dental plaque? (chapter 4b)  

5. Given the high diversity of the periodontal microbiota, can we develop a reproducible 
subgingival microcosm biofilm model? (chapter 5) 

6. Can we further develop a subgingival peri-implantitis-derived biofilm model? 

Will this model be appropriate for antimicrobial testing of new compounds? (chapter 
7) 

7. In European countries such as the Netherlands, dental care professionals use an 
available targeted method to determine the subgingival composition of periodontal 
pockets from periodontitis patients in order to guide their (antimicrobial) therapy. 
The question that is discussed is: Does the routine analysis of subgingival microbiota 
in periodontitis patients using traditional techniques (not open ended) contribute to 
patients benefit? (chapter 6) 
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INTRODUCTION 

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 pharynx (Dewhirst et al., 
2010). 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 (gingival 
and hard palate) and non-keratinized (cheeks, lips, soft palate) mucosal surfaces. Each of these 
habitats contains specific ecological niches that select for distinct microbiota (Aas et al., 2005; 
Zaura et al., 2009). 

The oral microbiome is the most extensively studied part of the human microbiome. In 1683, 
Antonie van Leeuwenhoek in his letter to the Royal Society described dental plaque as “an 
unbelievably great company of living animalcules” (van Leeuwenhoek 1683). Since the 
discovery of van Leeuwenhoek we have learned how to culture, isolate and characterize 
hundreds of oral microbial species. With the advent of culture-independent techniques based 
on molecular phylogeny of microbial DNA we have obtained information on (so far) 
unculturable oral microbiota. This chapter will give an overview on diversity and composition 
of the human oral microbiome in the healthy setting. 

Diversity of human oral microbiome 

Bacteria 

One milliliter of human saliva from a healthy adult contains around 100 million bacterial cells. 
At normal salivary flow rate, which is 750 ml per day, about 8 x 1010 bacteria are shed from the 
oral surfaces every 24 hours (Curtis et al., 2011). Approximately 280 bacterial species from the 
oral cavity have been isolated in culture and formally named, while about 360 oral species or 
phylotypes have been identified only by cloning and sequencing of bacterial 16S rRNA gene 
(Dewhirst et al., 2010). These bacteria are classified based on the phylogenetic similarity with 
their culturable relatives. Their sequences are deposited in publicly available databases, e.g., 
the Ribosomal Database Project (RDP) (http://rdp.cme.msu.edu/) which consists of over 2.1 
million aligned and annotated bacterial and archaeal 16S rRNA sequences (Release 10.28) 
(Cole et al., 2009) or the NCBI GenBank Nucleotide Collection (http://blast.ncbi.nlm.nih.gov/) 
containing 2019 bacterial and 106 archaeal full genomic sequences (25 January 2012). Next to 
these general databases several curated database projects specific for oral microbial 
ecosystem have been funded. The Human Oral Microbiome Database (HOMD, 
http://www.homd.org/) (Chen et al., 2010), developed at The Forsyth Institute, contains 640 
microbial taxa (URL at http://www.homd.org/ accessed on 25 January 2012) that have been 
associated with the human oral cavity and is based on a curated 16S rRNA gene-based 
provisional naming scheme. This database interlinks phenotypic, phylogenetic, genomic, 
clinical and bibliographic information for each taxon in the database. A similar project by Ohio 
State University has resulted in the curated 16S rRNA gene database CORE 
(http://microbiome.osu.edu/) (Griffen et al., 2011) with 1043 16S rRNA gene sequences of the 
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so called “core human oral microbiome”, based on taxa from published surveys of oral 
bacterial communities conducted using 16S rRNA gene sequencing. These diversity numbers 
(640 and 1043 taxa in HOMD and CORE, respectively) are all but final. In each new publication 
involving cloning and sequencing of clinical samples, new bacterial phylotypes are discovered. 
However, due to the laborious and expensive methodology, traditional cloning and sequencing 
studies are limited to describing of the predominant taxa in the community. 

The problem of under-sampling in traditional cloning and culturing studies can be overcome 
using a next generation sequencing (NGS) approach where relatively short 16S rRNA gene 
amplicons are sequenced at unprecedented depth and throughput (Chapter 11 of this book” 
The Human Microbiota and Microbiome”). The major shortcoming of the current NGS 
technology is the limited taxonomic resolution. Due to short read length most sequences can 
only be assigned to genus or a higher taxon. Instead of classification into species and strains, 
NGS data results into OTUs – operational taxonomic units that are defined as a cluster of 
sequences at a certain (e.g., 97%) similarity threshold.  

Studies using NGS show that the diversity of the oral microbiome, as assessed by culture and 
cloning, is greatly underestimated (Keijser et al., 2008; Yang et al., 2012; Zaura et al., 2009). 
Individual oral cavities have been shown to harbor between 540 – 650 (Zaura et al., 2009) and 
600 - 4200 (Yang et al., 2012) OTUs. The number of OTUs (taxa) observed in a community 
increases with sampling effort until all taxa are observed. By assessing the relationship 
between the number of OTUs observed and the sampling effort, information about the total 
diversity of the sampled community can be obtained. This way it was demonstrated that the 
oral microbiome is still highly undersampled (Keijser et al., 2008). 

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 OTUs (Keijser et al., 2008). 

The sequences from the oral microbiome CORE database (Griffen et a., 2011) belong to 14 
phyla and 152 genera (Fig. 2.1). Over 57% (365 of the 636 species-level OTUs) of the oral 
microbiome from the CORE database belong to yet uncultivated phylotypes (Fig. 2.2). None of 
the members of five phyla or so called candidate divisions (TM7, SR1, Chloroflexi, Nitrospira, 
OP11) have been identified and isolated by culture. The largest candidate division in this group 
is TM7 with 20 species-level OTUs. The DNA of these ubiquitous microorganisms has been 
found in a variety of terrestrial, aquatic and clinical habitats. Lack of cultured isolates makes 
determination of the functions of these organisms a challenge. Single-cell genome 
amplification of the TM7 cells isolated from subgingival crevice by use of a microfluidic device 
allowed assembly of over 1000 genes providing the first insights into the physiology of the 
members of this phylum (Marcy et al., 2007). Of the major phyla, the Firmicutes has the 
highest prevalence in the oral cavity (Keijser et al., 2008; Zaura et al., 2009) and contains one 
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of the most studied groups of oral microbiota - oral streptococci. Nevertheless only about 80 
of the nearly 200 species-level OTUs that are classified as Firmicutes have been isolated by 
culture (Griffen et al., 2011). 

 

 

Figure 2.1. Circular phylogenetic tree at level of genus of taxa included in the CORE database of “core 
human oral microbiome” (Griffen et al., 2011). Genera are color-coded by phyla, except for the 
Firmicutes and Proteobacteria, which are shown at the level of class (Figure 1 from (Griffen et al., 2011).  
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Figure 2.2. Numbers of species-level OTUs by phylum in the CORE database (Griffen et al., 2011). 
Number of OTUs assigned to each of the 14 phyla observed in the oral cavity and pharynx: A) Common 
phyla B) Rare phyla (<10 species-level OTUs). The fraction of OTUs for which a cultivated member has not 
been reported is indicated in orange, while cultivated members are presented in green (Figure 3 from 
Griffen et al., 2011). 
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Archaea 

Archaea (originally named Archaebacteria) are prokaryotic microorganisms that, next to 
Bacteria and Eucarya, form the third elementary domain of life (Woese et al., 1990). Although 
Archaea were originally discovered in extreme environments and were thought to be the most 
primitive life form on Earth (hence the name Archaea), these microorganisms are ubiquitous 
and are found in various non-extreme environments, including humans (Dridi et al., 2011). 
Even though Archaea and Bacteria look similar under the light microscope, Archaea possess 
genes and metabolic pathways that are more closely related to those of eukaryotes. A distinct 
group within the Archaea is composed of organisms that produce methane from various 
substrates, such as H2 and CO2, acetate, and methylamines, and are therefore called 
methanogenic Archaea or methanogens. Representatives of this group, genus 
Methanobrevibacter, have been detected by molecular methods and were isolated from the 
oral cavity (Dridi et al., 2011; Matarazzo et al., 2011).  Several studies have shown the 
association of Archaea with periodontal disease (Lepp et al., 2004; Vianna et al., 2008) or 
endodontic infections (Vianna et al., 2009; Vickerman et al., 2007). The metabolic capacity of 
methanogens to consume molecular hydrogen and the formation of methane may support the 
growth of fermenting bacteria, including opportunistic (e.g., periodontal) pathogens (Horz and 
Conrads, 2010). The role of Archaea as members of the commensal oral microbiome remains 
to be elucidated. 

Fungi 

Fungi are members of the Eucarya domain of life and are considered opportunistic oral 
pathogens responsible for several diseases, e.g., Candida-induced oropharyngeal thrush in 
newborns and mucositis in denture wearers and immuno-compromised patients. Candida 
species have been associated with caries (Raja et al., 2010; Signoretto et al., 2009), 
periodontal disease (Urzua et al., 2008) and endodontic infections (Siqueira and Rocas 2009). 
In a recent metagenomic study, pyrosequencing of the pan-fungal internal transcribed spacer 
(ITS) region showed that an oral cavity of a healthy adult individual contains 9 – 23 fungal 
species (Ghannoum et al., 2010). The diversity of fungi was unexpectedly high (74 culturable 
and 11 non-culturable genera, representing 101 species). Next to Candida species, which are 
relatively often found in the oral cavity, other genera such as Cladosporium, Aureobasidium, 
Saccharomycetales, Aspergillus and Fusarium were found in more than 30% of the samples. 
Clinical relevance of this high oral fungal diversity as disclosed by NGS technology remains to 
be explored.  

Viruses 

Viruses, especially from the herpesvirus family, are common in the oral cavity. Herpesviruses 
establish a lifelong persistent infection, and some herpesvirus species infect as many as 90% of 
the adult population.  The great majority of systemically healthy adults continually shed 
herpesvirus DNA into saliva, reaching levels of DNA copies between 106 and 109 per ml saliva 
(Slots and Slots, 2011). Cytomegalovirus and Epstein-Barr virus (both belonging to the 

The oral microbiome 

23 

 

herpesvirus family) have been associated with the symptomatic periapical pathology of 
endodontically infected teeth (Siqueira and Rocas 2009) and with aggressive periodontitis 
(Slots 2011). Other relatively less common viruses, such as hepatitis A, B, C and G are 
detectable in saliva during the acute or chronic phase of the disease (Slots and Slots 2011). 
Human papillomaviruses (HPV) have been found in the saliva of 25% of healthy individuals and 
in 26% of gingival biopsies from periodontitis lesions (Slots and Slots 2011).  

So far the only oral virome metagenomics study (Willner et al., 2011) describes an entirely 
different profile from the results above that were obtained using targeted PCR probes. The 
majority of viral metagenomic sequences in the pool from oropharyngeal samples of 19 
healthy adults were identified as bacteriophages, also called phages (viruses of bacteria). The 
Epstein-Barr virus was the single eukaryotic virus that was found. As commented by the 
authors, the low sensitivity for detecting larger, eukaryotic viruses could be due to the 
methodology that still requires improvement. Nevertheless, the estimated diversity of the 
pooled virome was 236 viral species. Interestingly, the phages that dominated the 
metagenome were Escherichia coli phages T3 (widely used for experimental purposes in 
laboratory strains), Propionibacterium acnes phage PA6 and streptococcal phages, including 
Streptococcus mitis phage SM1. The SM1 phage is a temperate phage - a virus that does not 
immediately lyze the host cell, but integrates its DNA with that of the host. SM1 contains the 
genes pbIA and pbIB that encode platelet-binding factors that have been shown to contribute 
to the virulence of S. mitis in the endocardium, but had not been previously detected in the 
oral cavity (Willner et al., 2011). The oral cavity is thus a rich reservoir of bacteriophages, 
potential agents in horizontal gene transfer and antibiotic resistance, of which the clinical role 
in maintaining health still needs to be disclosed. 

Acquiring the oral microbiome 

For an individual, birth is a borderline between sterile intrauterine life and extrauterine 
existence with a continuous exposure to microorganisms. Microbiota are acquired via other 
individuals, animals and the local environment (Kononen 2000). A recent metagenomic study 
demonstrated that the mode of delivery (vaginal or caesarean section) determines the initial 
oral and intestinal microbiome of newborns (Dominguez-Bello et al., 2010). Vaginally delivered 
infants had microbiomes that resembled the vaginal microbiota of their mother, while 
microbiomes of Caesarean-delivered infants resembled the skin microbiota of their mother. 
The microbial community is further shaped by e.g. diet, personal oral hygiene and exposure to 
antibiotics. In infants, only mucosal surfaces are available for bacterial attachment and 
colonization in the oral cavity. A pyrosequencing study on edentulous infants (4.6 months old) 
and their primary caregivers showed that the microbiomes of infants were dominated by 
streptococci, vellonellae and neisseriae (Cephas et al., 2011). Interestingly, this study found 
that the microbiomes of toothless infants were already highly diverse – 578 OTUs were found 
in saliva of infants, compared to 1012 OTUs in the saliva of their caregiver. Eruption of teeth 
has a major impact on the microbiome by increasing the number of ecological niches (e.g., 
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oral cavity (Dridi et al., 2011; Matarazzo et al., 2011).  Several studies have shown the 
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herpesvirus family) have been associated with the symptomatic periapical pathology of 
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in saliva of infants, compared to 1012 OTUs in the saliva of their caregiver. Eruption of teeth 
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gingival crevices, occlusal pits and fissures and interproximal dental surfaces) for 
microorganisms to thrive, further increasing the diversity of oral microbiome.  

Health-associated oral microbiota 

For decades oral microbiologists have focused their attention on pathogens and overlooked 
the healthy oral microbiome. 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 individuals (Aas et al., 2005). Since then oral microbiomes of a number 
of healthy individuals at various ages and samples from different intraoral locations have 
become available (Bik et al., 2010; Crielaard et al., 2011; Nasidze et al., 2009; Zaura et al., 
2009). The US National Institutes of Health (NIH) has given a large financial boost to healthy 
human microbiome studies. In 2007 the NIH launched a five-year Human Microbiome Project 
(HMP, http://commonfund.nih.gov/hmp) with a total budget of $115 million. The HMP 
represents a broad multi-institutional project generating unprecedented amounts of 
sequences, annotations and metadata: 300 healthy individuals are being sampled 
longitudinally at multiple body sites, including the oral cavity where different niches are 
currently being characterized at taxonomic (16S rRNA gene-based) and functional 
(metagenome) level (Turnbaugh et al., 2007). Until the HMP data are released, small-scale 
crossectional studies indicate that at genus level several taxa are found across unrelated oral 
microbiomes (Fig. 2.3), of which the genera Streptococcus, Prevotella, Haemophilus, 
Veillonella, Neisseria, Rothia and Actinomyces dominate in most of these reports. The 
exception is a study on Batwa Pygmies (a hunter-gatherer group in Uganda) (Nasidze et al., 
2011), where the most predominant genus was Enterobacter (20% of sequences were 
classified as this genus), including other members (Klebsiella – 2.4%, Serratia – 2%) of the 
Enterobacteriaceae family of the Gammaproteobacteria class. The taxa from the 
Enterobacteriaceae family are not considered commensal oral microbiota, and their high 
abundance suggests the effect of an unusual lifestyle of this group of people on their 
microbiomes. 

Although the amount of data on the overall oral microbiota is vast, there is little evidence-
based information on which of the oral microbiome members has a strong association with 
oral health. Below we will summarize the current knowledge on health-associated microbiota. 
So far this information is based on small-scale clinical studies without the use of a unifying and 
standardized definition of oral health. Since a wide range of both targeted and open-ended 
methodologies is used in the included studies, the results are not directly comparable and 
involve several technology-related biases, which will not be addressed here. 
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Figure 2.3. Relative abundance of predominant oral bacterial genera from five microbiome studies (Bik et 
al., 2010; Lazarevic et al., 2010; Nasidze et al., 2009; Nasidze et al., 2011; Zaura et al., 2009) contributing 
to 58 – 92% of all sequences. Two studies (Bik et al., 2010; Zaura et al., 2009) have sampled various 
intraoral habitats and are presented as “Oral cavity”. Saliva data from the study by Zaura et al., (Zaura et 
al., 2009) is a subset of the total “Oral cavity” dataset. Study by Nasidze et al., (Nasidze et al., 2011) 
sampled saliva of Batwa Pygmies. The micrcobiomes of this hunter-gatherer group from Uganda were 
dominated by genus Enterobacter (20% of sequences), not included in this list of the predominant oral 
taxa. The legend indicates genera genera from top to bottom in the figure.  
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From the control groups used in the studies on dental caries and various stages of periodontal 
disease, numerous microorganisms are associated with the healthy control groups. Relatively 
few microbial taxa (listed in table 2.1) are associated with health in studies on caries and 
studies on periodontal disease. Interestingly, certain caries-associated bacteria appear to be 
health-associated regarding periodontal disease, e.g., Streptococcus mutans (Iwano et al., 
2010; Koll-Klais et al., 2005b; Kumar et al., 2005; Tanner et al. 1998), Lactobacillus fermentum 
(Koll-Klais et al., 2005a) and Atopobium species (Kumar et al., 2003). The opposite is true for 
certain periodontal pathogens, e.g., Campylobacter rectus (Gross et al., 2010), Selenomonas 
noxia (Preza et al., 2008) and Fusobacterium nucleatum (Aas et al., 2008; Preza et al., 2008; 
Preza et al., 2009a), being more associated with health regarding 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 7 (Marsh 1994). 

Future research on the health-associated microbiome should involve standardized, 
hypothesis-driven clinical trials with a clear definition of oral health. High inter-individual 
variability among microbiomes of unrelated individuals (Lazarevic et al., 2010; Nasidze et al., 
2009; Zaura et al., 2009), due to individual host and environmental factors, makes 
interpretation of cross-sectional microbiome studies difficult and renders the results to being 
mainly descriptive. Longitudinal studies are required to provide data for analysis of microbial 
shifts in the association with the health-disease equilibrium. Currently available small-scale 
descriptive studies should be used for power analyzes and sample size calculations. This would 
allow appropriate statistical analyses and would lead to evidence-based conclusions.  
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Table 2.1. Microbial taxa associated with oral health.  

Phylum, Class Final Taxon References 

Health versus caries Health versus 
periodontal disease 

Actinobacteria, 
Actinobacteria 

Actinomyces 
naeslundii  

Brailsford et al., 2001, 
2005; Marchant et al., 
2001; Becker et al., 
2002  

Tanner et al., 1998; 
Colombo et al., 2009  

Actinomyces 
odontolyticus 

Marchant et al., 2001 Teles et al., 2007 

Corynebacterium 
matruchotii  

Preza et al., 2008; 
Gross et al., 2010 

Paster et al., 2001; 
Kumar et al., 2003  

Bacteroidetes, 
Bacteroidia 

Bacteroides sp. clone 
BU063  

Aas et al., 2008 Leys et al., 2002; Kumar 
et al., 2003  

Porphyromonas 
catoniae  

Crielaard et al., 2011 de Lillo et al., 2004 

Bacteroidetes, 
Flavobacteria 

Genus 
Capnocytophaga  

Preza et al., 2009a Kumar et al., 2005 

Capnocytophaga 
gingivalis  

Gross et al., 2010 Kumar et al., 2005 

Capnocytophaga 
sputigena  

Aas et al., 2008; Preza 
et al., 2009b 

Colombo et al., 2009 

Firmicutes, Bacilli Streptococcus mitis 
group  

Corby et al., 2005; 
Preza et al., 2008; 
Gross et al., 2010; Hart 
et al., 2011;  

Koll-Klais et al., 2005b 

Streptococcus oralis  Marchant et al., 2001 Tanner et al., 1998 

Streptococcus 
sanguinis  

Caufield et al., 2000; 
Marchant et al., 2001; 
Becker et al., 2002; 
Corby et al., 2005; Ge 
et al., 2008; Preza et 
al., 2008; Hart et al. 
2011  

Kumar et al., 2005; 
Colombo et al. 2009  

Firmicutes, 
Costridia 

Selenomonas sp. oral 
clone DS051  

Preza et al., 2008 Kumar et al., 2005 

Proteobacteria, 
β-proteobacteria 

Kingella oralis  Aas et al. 2008; Preza 
et al., 2008 

Colombo et al., 2009 

Proteobacteria, ε-
proteobacteria 

Campylobacter 
concisus  

Preza et al., 2009a Macuch and Tanner 
2000 
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Beyond the microbiome 

For the analysis of microbial community ecology and the functioning of ecosystems, the 
determination of functional diversity is of great importance (Konopka 2009). Current oral 
microbiome studies focus on “who is there” (taxonomic diversity), while discovering “what are 
they doing” (functional diversity) will be the next logical step. Two pioneering oral 
metagenome studies (Belda-Ferre et al., 2012., Xie et al., 2010) demonstrate both, the 
opportunities and the challenges of this approach on such a complex microbial community as 
the oral microbiome. Xie et al., (2010) assessed a single plaque sample metagenomically and 
showed that only 51% of the assembled sequences could be assigned a functional role. Belda-
Ferre et al., (2012) directly sequenced the metagenomic DNA from supragingival plaque of two 
caries-free, two caries-active and two individuals with caries experience in the past, as well as 
two carious lesions. Their findings indicate that functional profiles of the metagenome of the 
caries-free individuals are distinct from the profiles of the caries-prone individuals, with 
certain groups of genes (e.g., bacteriocins and stress response genes) being over-represented 
in the samples from healthy individuals. To conclude, we are at the doorstep of entering a new 
and exciting era in oral ecology studies where next generation sequencing on functional 
diversity will not only give us information on how the oral microbiome initiates infectious 
diseases, but also how it actively sustains oral health. 
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ABSTRACT  

Objective 

To determine the effect of an oxygenating mouthwash compared to two other established 
mouthwash products on bacterial composition and metabolic activity of oral biofilms in vitro. 

Material and methods 

Twelve healthy subjects participated as donors. Plaque-saliva mixture inoculated biofilms were 
grown and treated with 3 different chemotherapeutic mouthwashes [Amine fluoride/Stannous 
fluoride (MD), Oxygenating agent (AX), Chlorhexidine 0.12% (PA) and water (W)]. Effects of 
treatments were assessed on biofilm composition (16S rRNA gene amplicon sequencing), 
production of organic acids (formate, acetate, lactate, propionate, butyrate using capillary 
electrophoresis) and viability of the remaining biofilm (CFUs). 

Results 

Microbial profiles of biofilms clustered per inoculum donor and were dominated by the genera 
Veillonella, Streptococcus and Prevotella. Microbial diversity was only reduced after PA 
treatment. Significant changes in composition occurred after treatment with AX, resulting in 
lower proportions of Veillonella and higher proportions of non-mutans streptococci. 
Production of all organic acids after PA and lactate after MD was significantly lower as 
compared to W. 

AX resulted in reduction of acetate, butyrate and propionate and increase in lactate 
production (p<0.05). Viable counts were significantly lower after PA and AX treatments 
compared to W, while no significant reduction was observed after MD. 

Conclusions 

All studied mouthwashes affected the in vitro biofilms differently. The effects of the AX 
treatment were the most prominent which resulted in changes of the bacterial composition 
and metabolism. 

Clinical implications 

Awareness by the dental team that mouthwashes can change the bacterial composition and 
metabolism is important when advising its use. 

 

Key words: biofilm, microcosm, organic acids, mouthwashes, antimicrobials 
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INTRODUCTION 

Dental plaque biofilms are communities of microbial cells in the oral cavity that are embedded 
in an extracellular polymeric matrix. Oral biofilms are among the most complex microbial 
communities in nature. Dental plaque affects all humans worldwide. Failure to deal with 
plaque in the early stage of formation may lead to the development of oral diseases of which 
the most prevalent are dental caries, gingivitis and periodontitis (Palmer R J, 2011). Since the 
mouth is the gateway to the human body, establishing and maintaining oral health is 
important. 

Various strategies have been employed to reduce or eliminate dental biofilms. Mechanical 
disruption of dental plaque biofilms such as toothbrushing is worldwide the most common 
approach. The effectiveness of this is however limited (Chapple et al., 2015, Van der Weijden 
and Slot, 2015). Therefore also chemotherapeutic strategies to disrupt these biofilms have 
been considered, such as the use of mouthwashes. Over the past decades, the use of these 
has become customary, usually following mechanical plaque biofilm control (Van der Weijden 
et al., 2015). 

Currently, there is a wide range of over the counter mouthwashes products available, 
containing various active ingredients with for each of these specific indications. It is the role of 
the dental teams to advice the use of mouthwashes when indicated, which is justified when its 
efficacy has been proven by studies based on clinical evidence. 

A recent meta-review (Van der Weijden et al., 2015) has shown that, to date, the scientific 
body of evidence for the use of specific agents such as chlorhexidine is substantial. However, 
for most commercially available mouthwashes the scientific evidence it is considered to be 
moderate, weak or underreported. For instance, the underlying data retrieved in a systematic 
review for oxygenating agents (OAs) did not allow for a meta-analysis (Hossainian et al., 2011). 

Serrano and colleagues (Serrano et al., 2014), have analyzed the scientific evidence for the 
efficacy of adjunctive anti-plaque chemical agents in managing gingivitis. These authors 
concluded that the use of specific agents showed statistically significant improvements in 
terms of gingival, bleeding and plaque indices. OAs were not included in their meta-analysis. 

Nevertheless, most mouthwashes, among which also OAs, are available without a prescription 
and their use is common practice. Oxygenating agents, such as hydrogen peroxide (H2O2), 
buffered sodium peroxyborate, and peroxycarbonate, have been recommended for short-
term use as disinfectants (Hossainian et al., 2011, Van der Weijden et al., 2015). Recently a 
mouthwash containing an oxygenating agent (peroxoborate) has been introduced in the 
market and the result of a pilot study has shown that this product has the potential for 
selective inhibition of oral bacteria. Twice-daily exposure for one week to this mouthwash 
resulted in a shift in the microbial composition towards a less diverse and less mature plaque 
(Fernandez y Mostajo et al., 2014). 
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ABSTRACT  

Objective 

To determine the effect of an oxygenating mouthwash compared to two other established 
mouthwash products on bacterial composition and metabolic activity of oral biofilms in vitro. 

Material and methods 

Twelve healthy subjects participated as donors. Plaque-saliva mixture inoculated biofilms were 
grown and treated with 3 different chemotherapeutic mouthwashes [Amine fluoride/Stannous 
fluoride (MD), Oxygenating agent (AX), Chlorhexidine 0.12% (PA) and water (W)]. Effects of 
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Results 
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Clinical implications 
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INTRODUCTION 

Dental plaque biofilms are communities of microbial cells in the oral cavity that are embedded 
in an extracellular polymeric matrix. Oral biofilms are among the most complex microbial 
communities in nature. Dental plaque affects all humans worldwide. Failure to deal with 
plaque in the early stage of formation may lead to the development of oral diseases of which 
the most prevalent are dental caries, gingivitis and periodontitis (Palmer R J, 2011). Since the 
mouth is the gateway to the human body, establishing and maintaining oral health is 
important. 

Various strategies have been employed to reduce or eliminate dental biofilms. Mechanical 
disruption of dental plaque biofilms such as toothbrushing is worldwide the most common 
approach. The effectiveness of this is however limited (Chapple et al., 2015, Van der Weijden 
and Slot, 2015). Therefore also chemotherapeutic strategies to disrupt these biofilms have 
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et al., 2015). 
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and their use is common practice. Oxygenating agents, such as hydrogen peroxide (H2O2), 
buffered sodium peroxyborate, and peroxycarbonate, have been recommended for short-
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mouthwash containing an oxygenating agent (peroxoborate) has been introduced in the 
market and the result of a pilot study has shown that this product has the potential for 
selective inhibition of oral bacteria. Twice-daily exposure for one week to this mouthwash 
resulted in a shift in the microbial composition towards a less diverse and less mature plaque 
(Fernandez y Mostajo et al., 2014). 
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Oral microbes contribute to the healthy homeostasis within the oral cavity (Marsh, 2012). 
Therefore, besides addressing a clinical efficacy of a mouthwash, it is important to investigate 
its effects on the oral microbiome (ten Cate and Zaura, 2012). For this purpose, in vitro biofilm 
models offer an approach to elucidate the microbiological and ecological effect of potential 
products at an early stage of product development  (Eick et al., 2012, Exterkate et al., 2010, 
Filoche et al., 2008, Rudney et al., 2012, Shapiro et al., 2002, Zollinger et al., 2015). 

The aim of this study was to assess and determine the effect of an oxygenating mouthwash 
compared to two other established and commercially available mouthwashes products and a 
negative water control on the bacterial composition and metabolic activity of oral biofilms in 
vitro. 

The null hypothesis was that the treatment effect of an oxygenating and a fluoride-based 
mouthwash will not  differ in terms of bacterial composition and metabolic activity than 
compared to a negative control (water)  or a positive control (chlorhexidine). 

MATERIALS AND METHODS 

Selection of inoculum donors 

Twelve individuals participated as donors of saliva and dental plaque after reading and signing 
an informed consent form. All donors were in good general health and had not been exposed 
to antibiotics and professional dental prophylaxis within the previous 3 months. Exclusion 
criteria were: visible caries or a Dutch periodontal screening index (DPSI) of smaller or equal to 
score 3 minus (which translates to periodontal pockets ≤ 5mm in absence of gingival 
recession)(Mantilla Gomez et al., 2001). Prior to sample collection subjects were asked not to 
perform any oral hygiene 24 h before the appointment and to refrain from any food or drink 
consumption for at least 2 h before sampling (Ntrouka et al., 2011). 

Ethical approval of the protocol related to plaque-saliva collection and experimental research 
was provided by the Medical Ethical Committee from the Vrije Universiteit Medical Center 
Amsterdam (reference 2011/236). 
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Sampling 

Sampling took place in the morning between 08:30 and 09:30. Supragingival dental plaque was 
collected with sterile plastic curettes along the gingival margin of all buccal and lingual 
surfaces in the second and fourth quadrants. The samples were placed in a previously weighed 
Eppendorf vial containing 100 µl of cysteine peptone water (CPW), vortexed for 30 s and 
briefly centrifuged. Then the vials were weighed again and the difference in weight was 
calculated. CPW was added normalizing to a proportion of 10 mg plaque: 1.3 ml CPW and 
stored on ice. Subsequently participants chewed on a piece of a parafilm for one minute. 
Approximately 1 ml of -stimulated saliva was collected in a sterile universal vial being kept on 
ice. 

Biofilm model and production of the biofilms 

An active attachment biofilm model was used as previously described (Exterkate et al., 2010). 
In brief, 24-well polystyrene culture plates (Greiner Bio- One, Alphen a/d. Rijn, the 
Netherlands) were used. The lid of the plate was replaced by a custom-made stainless-steel 
lid, onto which 24 nylon clamps were fixed allowing for various substrata to be inserted. The 
clamps were positioned in such a way that the inserted substrata would fit into the wells of 
the culture plate. Since the substrata were positioned vertically, bacterial attachment plays a 
key role in this model. By transferring the lid with the substrata to a new plate, the medium 
could be refreshed. In this study, standardized 12-mm hydroxyapatite (HA) disks (Himed, Old 
Bethpage, USA) were used as substratum. The assembled model was autoclaved at 121°C. 

McBain medium (McBain et al., 2005) with 50 mmol/l PIPES at pH 7 (Exterkate et al., 2014) 
was used. After autoclaving, the medium was supplemented with filter-sterilized 0.2% sucrose 
and sterile heat-inactivated 5% fetal bovine serum (FBS, F4135, Sigma-Aldrich, USA). The 
suspension of dental plaque samples was dispersed using a sonicator (Vibra Cell; Sonics & 
Materials Inc, Newtown, CT) for 3 s with 1 s pulses at amplitude of 40 W and vortex-mixing for 
30 s just before inoculation. 

The inoculation medium was immediately prepared using a mixture of dental plaque 1:15 
(1.25 ml of suspension in 20 ml of CPW) and saliva 1:50 (0.4ml of saliva in 20ml of CPW) as 
inoculum. Next 1.5 ml of the inoculation medium was added to each well of a standard 
polystyrene 24-well plate (multiwell plates; Greiner Bio One, Alphen aan den Rijn, The 
Netherlands). 

For each donor an individual plate was used. The model was subsequently incubated 
anaerobically (10% CO2, 10% H2, and 80% N2) at 37 °C. After an initial 24 h of incubation, the 
medium was refreshed with sterile medium twice a day based on a schedule of 8 and 16 h, up 
to 96 h. 

To analyze the bacterial composition of the inocula, 100 µl of the plaque-saliva suspension was 
stored at -20ºC for DNA extraction and analysis. 
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Treatment of the biofilms 

After 96 h, the biofilms were treated by transferring them to a new plate containing the 
treatment solution (1.8 ml/well) for 10 min at room temperature with one of the following 
compounds:  

 Perioaid® (Dentaid Benelux, Houten, the Netherlands) containing 0.12% chlorhexidine 
(PA). 

 Meridol® (GABA International, Basel, Switzerland), an amine fluoride/stannous fluoride 
(AmF/SnF2)-containing mouthwash (MD). 

 Ardox-X-technology®, commercially known as O7-active (NGen Oral Pharma N.V., 
Curacao) an oxygenating agent (AX). 

 Sterile demineralized water as a negative control. 

Triplicate biofilms were treated with the above-mentioned compounds and a negative water 
control resulting in four treatment groups for each donor. 

Following treatment, biofilms were rinsed with CPW (1.9 ml/well) moving the lid 10 times up 
and down in the plate (Exterkate et al., 2014). This rinsing procedure was repeated 3 times 
with fresh CPW to remove excess treatment solution. 

Biofilm incubation for acid formation 

Subsequently, the lid was placed on a plate containing 1.5 ml buffered peptone water (BPW) 
with 0.2% sucrose per well and incubated anaerobically for 3 h at 37°C. After the incubation 
BPW was collected and stored at –80° C. 

Harvesting of the biofilms 

Each HA disc with biofilm was removed using sterile forceps and placed in a sterile vial 
containing 2 ml of phosphate-buffered saline (PBS). All samples were kept on ice, dispersed by 
sonication for 2 min at 1 s pulsations at the amplitude of 40 W (Vibra Cell; Sonics & Materials 
Inc, Newtown, CT) and vortexed for 30 s.  

Determination of number of CFUs 

Serial dilutions of the dispersed biofilms in PBS were made and plated on trypticase soy agar 
blood (TSAB) plates for total viable counts. The plates were incubated for 7 days at 37°C under 
anaerobic conditions (10% CO2, 10% H2 and 80% N2) and the number of colony-forming unit 
(CFU) counts was determined.  
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Propidium monoazide (PMA) treatment 

To assure that only DNA from the cells with intact membranes (undamaged cells) was 
processed for sequencing, the dispersed biofilms were treated with PMA as described 
previously (Exterkate et al., 2014). In brief, 2.5 μl PMA (Biotum Inc., Hayward, Calif., USA) was 
added to 500 μl suspended biofilm, incubated in the dark for 5 min and then exposed to 
intense light for 2 min using a 650 W halogen lamp placed 25 cm from the samples. The 
samples were kept on ice during this procedure. 

Organic Acid Analysis  

The concentration of organic acids in BPW following incubation with sucrose was determined 
by capillary electrophoresis (Waters Capillary Ion Analyzer Milford, Mass, USA) as described 
previously (Gerardu et al., 2003). As an internal standard, 0.12 mmol/l oxalate was included in 
all samples. Succinate, formate, acetate, lactate, propionate and butyrate were determined 
and expressed as mmol acid/disc. The total concentration of acid excreted by the biofilms to 
the environment (BPW) was calculated as the sum of all acids per biofilm. 

DNA extraction, amplicon preparation and sequencing data analysis 

DNA from the inocula and biofilms was extracted as previously described (Crielaard et al., 
2011). Barcoded amplicon libraries of the small subunit ribosomal RNA gene hypervariable 
region V5–V7 were generated for each of the individual samples, pooled and sequenced using 
Genome Sequencer FLX Titanium system (Roche, Basel, Switzerland) as described previously 
(Koopman et al., 2015). The sequencing data were processed using Quantitative Insights Into 
Microbial Ecology (QIIME) (Caporaso et al., 2010) version 1.5.0 as described previously 
(Koopman et al., 2015). 

To allow comparisons among different samples, the data set containing Operational 
Taxonomic Units (OTUs) was randomly subsampled at an equal depth. Hierarchical clustering 
based on the Bray Curtis similarities index (BC) was used to assess the similarities among the 
biofilms per group - a non-linear coefficient between every pair of OTUs. Shannon diversity 
index was calculated, which takes into account the abundance of each OTU, as well as the 
number of OTUs. To visualize microbial profile data, non-metric multidimensional plots (n-
MDS) based on the BC were used.  

In addition, taxonomy of the representative sequences of the most abundant OTUs was 
identified by microbial nucleotide BLAST search against a Human Oral Microbiome Database 
(HOMD) reference set (version 13.2). The possible alternatives for the species identification 
were then provided. 
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Statistical analysis 

Statistical analyses were performed on median values of triplicate biofilm data. Non-metric 
multidimensional scaling (nMDS) plots were based on the Bray-Curtis coefficient to visualize 
similarity between samples. Stress <0.2 (Kruskal’s stress formula 1) was used as an acceptable 
threshold (Clarke, 1993). Similarity percentage (SIMPER) was used to identify the OTUs with 
the highest contribution to dissimilarity between the treatments. The differences in 
composition between treatment groups were assessed using one-way permutational 
multivariate analysis of variance (PERMANOVA). The p-values were corrected for multiple 
comparisons using Bonferroni correction. P-values <0.05 were considered statistically 
significant. All calculations were performed using PAST version 3.0 (Hammer, 2001). 

The software package IBM SPSS Statistics version 20.0 (2011, IBM Corp., Armonk, NY, USA) 
was used to perform all other statistical analyses. For comparisons among the treatment 
groups based on CFU counts, the median of triplicate biofilms was calculated, based on which 
the percentage of the remaining biofilm relative to the water-treatment was determined. 
Almost all groups were normally distributed (Shapiro Wilk test) except for the AX group. 
Pairwise comparisons were performed using Paired sample T-tests, and corrected for multiple 
comparisons using Bonferroni corrections. 

Differences among the organic acid profiles per treatment group were analyzed regardless of 
the donor using one-way-ANOVA with Games-Howel post-hoc test; p-value corrected for 
multiple comparisons. Additionally, in order to determine relationships between the 
concentration of organic acids and the relative abundance of the most abundant genera (table 
3.1), a Pearson correlation was calculated. 

For the comparisons of mouthwashes in relation to the bacterial composition, only the most 
abundant genera (on average, contributing to 94% of reads in the water-treated biofilms) 
were selected. Based on their distribution (Shapiro Wilk test) the paired T-test or the Wilcoxon 
Rank test was used. 

RESULTS 

Of the twelve participants that donated dental plaque and saliva, 7 were female and 5 were 
male with an age range of 22-45 years. One participant was a smoker of <10 cigarettes/day 
(donor 4). 

The relative abundance of bacterial genera in the inocula differed to a large extent by donor 
(Fig. 3.1). The mean Shannon diversity index of the inocula (3.05; SD 0.3) was significantly 
higher (p<0.01) than the mean diversity index of the 96 hours water-treated (W, negative 
control) biofilms (1.57; SD 0.5). 
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Figure. 3.1 Relative abundance of the major bacterial genera in the inoculum (plaque-saliva mixture) per 
donor. Others – the sum of the remaining taxa 

 

All biofilms were dominated by genus Veillonella (OTU 190), Streptococcus (OTU 20) and 
Prevotella (OTU 296). These OTUs were blasted against a HOMD database for species-level 
taxonomical classification. Veillonella (OTU 190) was identified as Veillonella dispar (HOT 160) 
/ Veillonella rogosa (HOT 158) at 99.7% blast ID and as Veillonella atypica (HOT 524) / 
Veillonella parvula (HOT 161) at 99.7% blast ID. V. parvula is phylogenetically similar to V. 
dispar, however V. parvula is catalase negative whereas V. dispar is catalase positive. 

Streptococcus (OTU20) was identified as Streptococcus oralis (HOT 707) 100% blast ID and as 
Streptococcus species (HOT 071; HOT 070; HOT 064 and HOT 058) 100% blast ID. OTU 296 was 
identified as Prevotella melaninogenica (HOT 469) 100% blast ID. 

The hierarchical classical cluster analysis based on the Bray Curtis similarity index among the 
biofilm triplicates showed that replicate biofilms clustered together (Data not shown). 

The water-treated biofilms showed variability among donors in relative abundance of the 
genera Veillonella, Streptococcus, Megasphaera, Peptostreptococcus and Prevotella (Fig.3.2). 
Veillonella was the most abundant genus (40%-87% of reads), followed by Streptococcus (3%-
27%) and Prevotella (3%-27%) with 4%-20% of the reads belonging to other genera.  
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(donor 4). 
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(Fig. 3.1). The mean Shannon diversity index of the inocula (3.05; SD 0.3) was significantly 
higher (p<0.01) than the mean diversity index of the 96 hours water-treated (W, negative 
control) biofilms (1.57; SD 0.5). 
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Figure. 3.1 Relative abundance of the major bacterial genera in the inoculum (plaque-saliva mixture) per 
donor. Others – the sum of the remaining taxa 

 

All biofilms were dominated by genus Veillonella (OTU 190), Streptococcus (OTU 20) and 
Prevotella (OTU 296). These OTUs were blasted against a HOMD database for species-level 
taxonomical classification. Veillonella (OTU 190) was identified as Veillonella dispar (HOT 160) 
/ Veillonella rogosa (HOT 158) at 99.7% blast ID and as Veillonella atypica (HOT 524) / 
Veillonella parvula (HOT 161) at 99.7% blast ID. V. parvula is phylogenetically similar to V. 
dispar, however V. parvula is catalase negative whereas V. dispar is catalase positive. 
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identified as Prevotella melaninogenica (HOT 469) 100% blast ID. 
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The water-treated biofilms showed variability among donors in relative abundance of the 
genera Veillonella, Streptococcus, Megasphaera, Peptostreptococcus and Prevotella (Fig.3.2). 
Veillonella was the most abundant genus (40%-87% of reads), followed by Streptococcus (3%-
27%) and Prevotella (3%-27%) with 4%-20% of the reads belonging to other genera.  
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Figure. 3.2 Relative abundance of major bacterial genera per donor after 10 min treatment with water, 
PerioAid (PA), Meridol (MD) or Ardox-X (AX). The data shown are median values from triplicate biofilms  
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Ten minutes treatment with different compounds resulted in compositional changes in the 
remaining biofilm. As compared to the W-treated biofilms, the PA treatment resulted in a 
significantly lower diversity index (1.32, SD 0.4) compared to W-treated biofilms 1.57 (SD 0.5). 
The relative abundance of the genus Streptococcus, Solobacterium and Megasphaera was 
significantly lower in the PA-treated biofilms compared to the water control (Table 3.1, Fig. 
3.2). 

The diversity index for the MD treated biofilms (1.52, SD 0.4), was not statistically different 
from the water control. The relative abundance of genus Streptococcus was statistically lower 
in the MD treated biofilms than in the water control (Table. 3.1, Fig. 3.2). 

Also AX treatment had no significant effect on diversity index (1.62, SD 0.4) in the biofilms. 
However, genus Megasphaera was significantly lower in the AX treated biofilms compared to 
the water control (Table 3.1, Fig. 3.2). 

In order to assess the dissimilarities between the treatment groups we used the non-metric 
multidimensional scaling (n-MDS). This analysis showed that the dissimilarities among the 
treatment compounds were statistically significant only when AX-treated biofilms were 
compared to PA or MD treated biofilms (p≤0.05) (Fig. 3.3). 

The effect of each of the tested compounds on the composition of the remaining biofilms had 
a clear pattern (Fig. 3. 2). Variability among the biofilms originating from different donors was 
visually observed on a 3-D plot. In particular, the respective samples from donors 8 and 11 
clustered close together regardless the treatment group (Fig. 3.3). In contrast, biofilms from 
donors 2, 4, 6, 7 and 9 revealed a clear effect of the AX treatment (squares at the left side of 
the plot) except from donor 10 (square at the right side of the plot). The W-treated biofilms 
and AX-treated biofilms clustered close together in donors 1, 3 and 5. 
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Table 3.1 The relative proportion at genus level per mouthwash compared to the water 
treatment (n=12) 

 

 

a Paired T-test 
b Wilcoxon rank test (p values not corrected for multiple comparisons) 
c p values (highlighted in bold) that remain significant after Bonferroni 

 correction for multiple tests.  

Genus (OTU ID)   Mean % SD p-value 

Veillonellaa  

(OTU 190) 

Water 62.2 (10)   

MD 64.2 (10) 0.081  

PA 68.0 (10) 0.034  

AX 48.2 (20) 0.030  

Streptococcus a 

(OTU 20) 

Water 15.6 (10)    

MD 11.4 (5) 0.001c 

PA 11.1 (4) 0.002  

AX 28.7 (10) 0.004  

Prevotella b 

(OTU 296) 

Water 14 (10)    

MD 10.9 (4) 0.084  

PA 7.8 (4) 0.008  

AX 8.7 (4) 0.010  

Parvimonas  b  

(OTU 133) 

Water 2.1 (2)    

MD 2.6 (2) 0.099  

PA 3.2 (3) 0.075  

AX 4.2 (4) 0.015  

Solobacterium b  

(OTU 6) 

Water 1.9 (2)    

MD 1.3 (1) 0.050  

PA 0.9 (1) 0.002  

AX 0.8 (0) 0.010  

Megasphaera b 

(OTU 88) 

Water 1.5 (1)    

MD 1.3 (1) 0.023  

PA 0.7 (1) 0.002  

AX 0.4 (0) 0.002  

Effect of mouthwashes on oral biofilms grown in vitro 

41 

 

 

Figure 3.3 Non-metric multidimensional scaling (n-MDS) based on three-dimensional Bray-Curtis 
similarity (p=0.001; stress= 0.07; F=3.76), N=12. Colors indicate individual donors. The donors’ number is 
shown next to the water treatment (dot). Shapes represent a treatment. Comparisons between groups 
were done using one-way PERMANOVA; W vs AX p=0.186; W vs PA p=0.394; W vs MD p=1; PA vs MD 
p=1; PA vs AX p=0.015; MD vs AX p=0.043 

 

Figure 3.4 Effect of single treatment on viable counts expressed as a percentage of the water-
treated control are described as the remaining biofilm. The data shown are the average and 
standard deviation (n=12). Different letters indicate statistically significant differences 
between the treatments PerioAid (PA), Meridol (MD) or Ardox-X (AX).* - statistically significant 
lower amount of remaining biofilms compared to the water treated control (p≤0.05), Paired 
sample T-test, corrected for multiple comparisons.  
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Figure 3. 5 Effect of single treatment on organic acids after a three-hour incubation with 0.2% sucrose 
following the respective 10-min treatment of plaque-saliva mixture-derived biofilms. The sum of all acids 
is represented as total. Different letters indicate statistically significant differences between the 
treatments (p<0.05, one-way-ANOVA, Games-Howel test; p-value corrected for multiple comparisons) 
per anion 
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Treatment effect on viable counts 

W-treated biofilms yielded comparable average total viable counts (5.9x109 CFUs / biofilm, SD 
9x109) among all donors (p=0.176). Compared to the W-treated control, the percentage of 
remaining biofilm observed as viable counts after PA treatment was 57% (SD 16) and after AX 
treatment 40% (SD 14). This difference was statistically significant for both PA and AX 
treatment (p<0.05). After MD treatment viable counts were not significantly lowered : the 
percentage remaining viable cell counts was 76% (SD 35) relative to the W-treated control (Fig 
3.4). 

Organic acids 

The concentration of succinate in biofilms was low and similar for all groups (data not shown). 
PA-treated biofilms had statistically significantly lower amounts of formate, lactate, 
propionate and acetate compared to water treated biofilms after a three-hour incubation with 
sucrose, while MD-treated biofilms had significantly lower lactate compared to W-treated 
biofilms (Fig. 3.5). In contrast, in AX-treated biofilms had a significantly higher amount of 
lactate and significantly lower amounts of acetate, propionate and butyrate (p≤0.001)A 
positive correlation between between the relative abundance of genus Veillonella and the sum 
of acetate and propionate (Pearson r=0.7) excreted to the environment (BPW) was only 
observed for AX-treated biofilms. When all measured acids were added, PA had a significantly 
lower amount of total acid than the water control. 

DISCUSSION 

In this study an established microcosm biofilm model was used that allows studying the effects 
of mouthwashes from a microbiological and ecological perspective. We demonstrated that 
using this biofilm model, a single exposure to a mouthwash product resulted in different 
patterns in terms of bacterial composition and metabolic activity of the microcosm biofilm, 
depending on the chemotherapeutic agent used. Biofilms treated with AX caused major 
changes in bacterial composition, metabolism and killing effect. This study did however not 
evaluate the recovery of the biofilms after a single treatment exposure. 

Since the compounds tested in the present study have different mechanisms, we did not 
attempt to determine the “best antimicrobial” but to characterize their effect with respect to 
bacterial composition of oral microcosms and their metabolic activity. 

While current clinical studies have focused on the amount of plaque and the severity of 
gingival inflammation, this study highlights the importance of studying not only the “killing” 
capacity of mouthwashes or chemotherapeutic agents, but also the effect on bacterial 
composition and metabolic activity The most striking finding was the high amount of lactic 
acid produced after AX-treatment along with a reduction of the CFUs up to approximately 40% 
relative to the water control. This could be explained by the selective inhibition properties of 
this oxygenating compound (Fernandez y Mostajo et al., 2014). This is further supported by 
the observation that after AX treatment the relative abundance of genus Veillonella was 
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significantly lower in the treated biofilm accompanied with the higher relative proportion of 
other genera mainly Streptococcus. Increase of streptococci on the other hand, is attributable 
to the proportionality of the data, because within 10 min no absolute increase that would 
imply bacterial growth is possible. Therefore the only explanation for this finding is that 
relative abundance of genus Streptococcus increases due to a decrease in other taxa such as 
Veillonella. 

Veillonella which has an important role in biofilm development (Periasamy and Kolenbrander, 
2010), is a gram-negative bacterium that lacks glucokinase and fructokinase. It is therefore 
unable to metabolize carbohydrates (Periasamy and Kolenbrander, 2010) and instead uses 
lactate as energy source. The fact that the Veillonella proportion was significantly reduced 
could explain the high lactate amount present in the AX-treated biofilms. These results are in 
line with the notion that the interaction of these genera can affect the metabolic activity 
reflected in lactate utilization by biofilms (Periasamy and Kolenbrander, 2010), which can 
potentially affect microbial community development (Keller and Surette, 2006). 

Although both, PA- and AX-treatment resulted in a lower production of propionate, acetate 
and butyrate, this effect was greater for AX-treatment. Butyrate is mainly produced by 
proteolytic anaerobic bacteria (Pollanen et al., 1997, Tsuda et al., 2010) and has been 
associated with the inflammation found in periodontal disease (Qiqiang et al., 2012). AX has 
the potential to contribute to the treatment of periodontal diseases by further reducing the 
concentration of acetic, propionic and butyric acid and by increasing the lactic acid within the 
GCF. In this way, AX can contribute to the resilience of the subgingival microbiome towards 
disease. On the other hand, the possible consequences of the higher concentrations of lactate 
triggered by the AX-treatment need to be elucidated. When produced by probiotics, lactic acid 
has been described as a natural antimicrobial that is beneficial as an adjunctive to the 
treatment of periodontitis (Teughels et al., 2013). Although the results achieved here with AX 
are promising, in vivo studies are needed to assess this potentially beneficial effect on the non-
surgical treatment, or in the maintenance of periodontal diseases. 

MD-treatment proved to have the ability to inhibit the lactic acid formation by the biofilm 
without significantly reducing the total viable counts. Our findings that MD significantly 
lowered the relative abundance of genus Streptococcus and the lactate production are in 
agreement with previous in vitro studies (Exterkate et al., 2010). 

In this study we supplemented the growth medium with heated inactivated serum. This was to 
simulate gingivitis, prevalent in large part of health adult population (Chapple et al., 2015). 
Serum is an important component of the gingival crevicular fluid, and the use of 5% serum in 
the medium may have influenced the growth of bacteria. Being aware that in the oral 
environment there is a continuous interaction between supragingival plaque and saliva, we 
have used this mixture as inoculum. Considering as well, that after a single episode of tooth 
brushing, on average plaque scores are reduced by only 42% the plaque that remains on the 
tooth surfaces (Chapple et al., 2015) will lead to a recolonization of the cleaned areas. 
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Using the same biofilm model as in the present study, a recent paper describes using saliva 
from a single donor as inoculum for the production of biofilms, with an initial incubation 
period of 8 h and a total incubation period of 48 h (Exterkate et al., 2014). It was observed that 
the composition of the water treated control biofilms (PMA treated) was dominated by genera 
Streptococcus (62%), Veillonella (35%) and Prevotella (2%). In the present study we attempted 
to increase the diversity of the biofilms by using as inoculum source a mixture of saliva and 
dental plaque. Furthermore we increased the incubation period to 24 h and the total 
incubation period to 96 h, providing time to the slow growing bacteria to establish within the 
biofilms. Figure 3.2 illustrates the relative abundance of the biofilms per donor being the 
water treated control biofilms dominated by genera Veillonella, Streptococcus, Megasphaera, 
Peptostreptococcus, Prevotella with 4%-20% of the reads belonging to other genera. 

Rudney and collaborators (Rudney et al., 2012) have shown that repeated plaque or saliva 
inoculums taken on different weeks, from the same donor, clustered together, suggesting that 
the microbial composition of the biofilms was consistent within subjects over time. The 
authors have shown that microcosms were relatively stable within subjects over time, but 
there clearly were differences in species composition between subjects. Subsequently we 
decided to use multiple donors. 

Regarding the variability among donors, it was not only biofilms from the same donor that 
clustered together, but also the bacterial profiles after the mouthwash treatment. In particular 
biofilms derived from donor 11 (Fig 3.2) seemed not to be affected by any mouthwash agent 
as compared to the water treatment. Also where donor 10 had minor changes after PA and 
MD treatment it seemed not to be affected by AX as compared to water treatment. Our 
results confirmed the variation among donors in in vitro biofilms and are in agreement with 
previous studies (Diaz et al., 2006, Filoche et al., 2008, Ledder et al., 2006, Rasiah et al., 2005). 
Our study supports the notion that pooling samples and averaging the data can mask the 
individual variability of results of the treatment and the conclusions that are based on them 
(Diaz et al., 2006, Ledder et al., 2006). The differences observed between the biofilms and 
their inoculum source are in agreement with previous in vitro studies (McBain et al., 2003, 
Rasiah et al., 2005).  

A recent study has shown differences in bacterial composition at the site-level (Simon-Soro et 
al., 2013). Whether these differences found in vivo will lead to different microcosms derived 
from specific niches, and with-in or between donors still needs to be investigated. It is 
plausible that individual samples from certain sites in a given individual will lead to different 
results in bacterial composition. 

A limitation of our study is that we assessed the effects of a single exposure to mouthwashes, 
whereas multiple exposures to a chemotherapeutic compound in vitro are known to lead to 
different results in viability (Ledder et al., 2014). This could explain in part, why in a previous 
clinical study we observed different changes in bacterial composition after twice-daily 
exposures for a week to AX (Fernandez y Mostajo et al., 2014). Oxygenating agents such as AX, 
are on the market while scientific evidence for their use is underreported (Van der Weijden et 
al., 2015). Therefore we underline the need of long-term randomized controlled trials testing 
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these compounds. Concerning “adjunctive” compounds for plaque and gingivitis control such 
as AX, the American Dental Association (ADA) requires an evaluation period of at least 4 weeks 
(ADA 1997, 2008) and for mouthwash products an evaluation period of 6 months. 

All studied mouthwashes affected the in vitro biofilms differently. The effects of the AX 
treatment were the most prominent which resulted in changes of the bacterial composition, 
metabolism and in addition affected viability 
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ABSTRACT  

Introduction 

Oral bacteria live in symbiosis with the host. Therefore, when mouthwashes are indicated, 
selective inhibition of taxa contributing to disease is preferred instead of broad-spectrum 
antimicrobials. The potential selectivity of an oxygenating mouthwash, Ardox-X® (AX), has not 
been assessed. The aim of this study was to determine the antimicrobial potential of AX and 
the effects of a twice-daily oral rinse on dental plaque composition. 

Material and methods 

 In vitro, 16 oral bacterial strains were tested using agar diffusion susceptibility, minimum 
inhibitory and minimum bactericidal concentration tests. A pilot clinical study was performed 
with 25 healthy volunteers. Clinical assessments and microbiological sampling of supragingival 
plaque were performed at one month before the experiment (Pre-exp), at the start of the 
experiment (Baseline) and after the one-week experimental period (Post-exp).  During the 
experiment individuals used AX mouthwash twice daily in absence of other oral hygiene 
measures. The microbiological composition of plaque was assessed by 16S rRNA gene 
amplicon sequencing. 

Results 

AX showed high inter-species variation in microbial growth inhibition. The tested Prevotella 
strains and Fusobacterium nucleatum showed the highest sensitivity, while streptococci and 
Lactobacillus acidophilus were most resistant to AX.   Plaque scores at Pre-exp and Baseline 
visits did not differ significantly (p = 0.193), nor did the microbial composition of plaque. 
During a period of 7-days non-brushing but twice daily rinsing plaque scores increased from 
2.21 (0.31) at Baseline to 2.43 (0.39) Post-exp. A significant microbial shift in composition was 
observed: genus Streptococcus and Veillonella increased  while Corynebacterium, 
Haemophilus, Leptotrichia, Cardiobacterium and Capnocytophaga decreased (p ≤ 0.001). 

Conclusion 

AX has the potential for selective inhibition of oral bacteria. The shift in oral microbiome after 
one week of rinsing deserves further research. 

 

Key words: microbiome, selective inhibition, oxygenating agents, antimicrobials, Ardox-X®-
technology  
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INTRODUCTION 

Dental plaque biofilm is part of the oral microbiome that co-evolves in symbiosis with the 
human host (Marsh, 2012). Recently the importance and beneficial role of the oral 
microbiome in maintaining oral and general health has been brought forward (Hezel and 
Weitzberg, 2013, Marsh, 2012). On the other hand, undisturbed dental plaque accumulation is 
associated with an enhanced host inflammatory response and gingival inflammation 
(gingivitis) (Lee et al., 2012). Gingivitis is known to be associated with the onset of 
periodontitis (Schatzle et al., 2003), therefore the importance of maintaining gingival health is 
well understood. 

Although regular mechanical plaque removal is recommended for prevention of periodontal 
diseases, the quality of self-performed mechanical plaque removal may not always be 
sufficient (Hioe and van der Weijden, 2005). When this fails or cannot be optimally 
maintained, for instance in physically or mentally disabled populations, a chemical approach, 
such as the use of an antimicrobial mouthwash, can be an alternative or an adjunct.  

Anti-plaque agents should not eradicate the oral microbiota. Instead, they should maintain the 
microbiota of the mouth at the level and composition that is compatible with oral health, this 
way preserving the beneficial functions of resident microbes (Marsh, 2012, ten Cate and 
Zaura, 2012). This requirement is not met by so-called broad spectrum antimicrobial agents 
such as chlorhexidine (CHX). Interestingly, oxygenating mouthwashes containing peroxoborate 
are able to reduce the dental plaque amount and retard the colonization and growth of 
anaerobes (Binney et al., 1992, Moran et al., 1995, Wennstrom and Lindhe, 1979) and Gram-
negative bacteria (Hernandez et al., 2013). Gram-negative anaerobes are generally associated 
with oral infections (e.g. periodontitis, peri-implantitis, endodontic infections).  

Among oxygenating agents, boron-derived compounds such as sodium perborate 
(peroxoborate) generate active oxygen in aqueous solutions. This characteristic is the basis for  
their use as bleaching agents in detergents, cleaning products and cosmetic preparations, as 
well as a preservative in eye drops (Safety, 2010). In clinical dentistry, boron-derived 
compounds are used as a bleaching agent for teeth and as an adjunct to CHX to counteract 
extrinsic staining of the tongue and  tooth surfaces (Feiz et al., 2014, Grundemann et al., 2000, 
Moran et al., 1995). 

Ardox-X® technology (AX) was introduced to the market and promoted as a teeth whitening, 
anti-microbial, anti-fungal and anti-inflammatory compound (NGen Oral Pharma; 
www.ngenpharma.com) (Accessed 08 April, 2014). According to the manufacturer, the AX 
compound is formed by chemical complexation of peroxoborate with specific carriers such as 
glycerol and cellulose. This produces sodiumperborate-1,2-diol-glycerol/cellulose-ester 
adducts, i.e. single-reaction products containing all the atoms of all components. The 
manufacturer considers this to be a distinct molecular compound that provides controlled 
release of active oxygen without generating hydroxyl radicals. However, the scientific evidence 
for the antimicrobial efficacy of this compound is scarce. So far, only one in vitro study has 
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been published which showed that AX has an antimicrobial effect against polymicrobial biofilm 
(microcosm) grown on titanium surfaces (Ntrouka et al., 2011).  

The aims of the current study were two-fold: first, to determine the antimicrobial effect of AX 
against oral bacteria in vitro; second, to evaluate in vivo the effect of AX containing 
mouthwash on the composition of undisturbed plaque accumulation in a one-week non-
brushing model in healthy adults. 

MATERIALS AND METHODS 

In vitro study 

Bacterial strains (Table 4a.1) were cultured on blood agar plates (Oxoid no 2, Oxoid, 
Basingstoke, UK) supplemented with 5% horse blood, 0.1% (w/v) haemin and 0.01% (w/v) 
menadione. For Tannerella forsythia Trypticase Soy Agar (TSA) (BBL, Beckton Dickson 
Microbiology Systems, Cockeyscille, MD) was used supplemented with 5% horse blood, 0.1% 
(w/v) N-acetyl muraminic acid (TSNAM plates), 0.05% (w/v) haemin and 0.01% (w/v) 
menadione (van der Reijden et al., 2006). All strains except Staphylococcus aureus HG386 
were grown in anaerobic atmosphere containing 80% N2, 10% CO2 and 10% H2. S. aureus was 
grown aerobically. 

For this study, the manufacturer provided different concentrations of AX in standard 
equivalent units (SE) in a range 1 SE – 20 SE, where 1 SE contains 0.27% (w/v) of sodium 
perborate (SP), as well as the AX blank (AX without sodium perborate; (NGEN Oral Pharma 
N.V., Curacao; van den Bosch, US patent number 6.017.515) that was used as negative control. 
As positive controls, two different concentrations of over-the-counter chlorhexidine (CHX) 
products were used: Perio Aid (0.12% CHX) (Dentaid, Barcelona, Spain) and Corsodyl (0.2% 
CHX) (GlaxoSmithKline, Zeist, the Netherlands). 

Agar diffusion tests were performed as described before (Wikler et al., 2009). For each strain, 
two blood agar plates were inoculated with 100 µl suspension of a single colony suspended in 
5 ml phosphate buffered saline (PBS). The compounds were added in 5 mm holes punched in 
the agar. Five concentrations of AX (1.36%; 1.9%; 2.72%; 4.08%; 5.44%) together with a blank 
and two CHX concentrations were used. The blank and AX (2.72%) were included in each agar 
plate (twice per strain). Agar plates were incubated for 7 days at 37°C under anaerobic 
conditions (10% CO2, 10% H2, and 80% N2). After incubation, plates were examined for growth 
inhibition. The inhibition zone around the holes was measured and expressed in mm from the 
edge to the nearest CFU. 

Serial dilutions were used to determine the minimum inhibitory concentration (MIC) (Hecht, 
2007) and the minimum bactericidal concentration (MBC) of AX. Two 24-wells plates were 
used per dilution set of 4 strains. The medium consisted of Brain Heart Infusion (BHI) broth 
(Oxoid, Basingstoke, UK) supplemented with 0.1% haemin and 0.01% menadione (h/m). For 
Tannerella forsythia filter-sterilized N-acetyl-muraminic acid (NAM) to a final concentration of 
0.1% (w/v) was added. The compound was filter-sterilized (0.2 µm pore size; 7 bar max 
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Whatman, Germany). The initial dilution for the MIC was prepared using 0.5 ml AX at the 
highest concentration (54.4 g/l) in two-fold serial dilution series (range 40 - 40800 mg/l). 

Inocula were prepared from a pure culture of each strain. A single colony was taken using a 
sterile cotton pick and suspended in 5 ml of PBS. Then 50 µl of suspension were dispensed into 
each labeled well. Plates were incubated for 7 days at 37°C under anaerobic conditions (10% 
CO2, 10% H2, and 80% N2). After one week the MICs were determined by visual means. The 
procedure was performed in triplicate at different time points. 

After MIC determination, 100-µl samples from the various dilutions were inoculated onto 
appropriate agar plates and incubated for 7 days at 37°C under anaerobic conditions (10% CO2, 
10% H2, and 80% N2). The concentration at which growth was visibly inhibited was defined as 
the MBC. 
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Table 4a.1. Bacterial strains and their abbreviations used in the text. 

Strain Abbreviation 

Actinomyces naeslundii ATCC 12104 An 

Aggregatibacter actinomycetemcomitans HG 683* Aa 

Campylobacter rectus HG 963* Cr 

Fusobacterium nucleatum ATCC 25586 Fn 

Lactobacillus acidophilus ATCC 4356 La 

Parvimonas micra HG 1179* Pm 

Porphyromonas gingivalis K- HG 91* Pg K- 

Porphyromonas gingivalis K1 HG 66/W83* Pg K1 

Porphyromonas gingivalis K6 HG 1691* Pg K6 

Prevotella intermedia HG 110* Pi 

Prevotella nigrescens HG 70* Pn 

Staphylococcus aureus ATCC 2592 Sa 

Streptococcus mutans HG 708* Sm 

Streptococcus sanguinis HG 1471* Ss 

Tannerella forsythia ATCC 43037 Tf 

Veillonella parvula HG 318* Vp 

* Clinical isolates  
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Pilot clinical study 

The study protocol was approved by the Medical Ethics Committee of the Academic Medical 
Center (AMC) of Amsterdam (NL37567.018.11) and registered at the Dutch trial register under 
the number NTR3145. The study followed the instructions based on the declaration of 
Helsinki. That statement acts as a starting point in subject recruitment.  

Study population 

Participation in this study was voluntary. Before enrollment all participants were given oral 
and written information about the products and the reason, aim, duration, demands of 
benefits and possible harm. After signing a declaration of informed consent, 26 systemically 
healthy participants meeting the inclusion criteria agreed to participate in the study. 

All participants (non-dental students, ≥18 years) had to be dentate with at least 5 evaluable 
teeth per quadrant excluding prosthetic crowns. To include a population with high plaque 
scores at the start of the experimental period, participants were selected that had an 
overnight plaque score of 2 or higher as assessed according to Modified Quigley & Hein Plaque 
index (Paraskevas et al., 2007). Exclusion criteria were: oral mucosal lesions, orthodontic 
appliances, removable (partial) dentures, and overhanging margins of dental restorations 
(clinically assessed with a periodontal probe), the use of antibiotics during the last 6 months, 
Dutch Periodontal Screening Index (Mantilla Gomez et al., 2001) (DPSI)  ≥3+ (periodontal 
pockets  >5 mm with bleeding on probing and gingival recession), the use of medication 
possibly influencing normal gingival health, pregnancy and smoking. 

Test compound 

According to the manufacturer, the hydro-carbon-oxo-borate compound AX had the following 
ingredients: aqua, sodium lauryl sulfate, PEG-40 hydrogenated castor oil, sodium gluconate, 
cellulose gum, aroma, sodium citrate, magnesium sulfate, sodium perborate, sodium 
methylparaben, citric acid, sodium chloride, sodium fluoride, sodium saccharin (NGen Oral 
Pharma NV, www.ngenpharma.com; van den Bosch, US patent number 6.017.515). 

Study design 

The study started with a pre-experimental appointment (1 month prior to baseline) during 
which dental plaque was scored and sampled with the intention to assess the consistency of 
collected plaque scores and microbiological data relative to the baseline. At baseline, dental 
plaque was again scored and sampled. In addition, the level of bleeding on marginal probing 
was assessed as a descriptive of the oral health status of the included subjects. After the 
baseline measurements, a professional prophylaxis was performed by a dental hygienist as 
described in detail by Slot et al., (2010) in order to start the experiment with equally clean 
teeth. Following the prophylaxis, a one-week non-brushing experimental period of 
undisturbed plaque accumulation was started. With respect to oral hygiene the participants 
were only allowed rinsing with the distributed mouthwash (AX).  Each subject received an 
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cellulose gum, aroma, sodium citrate, magnesium sulfate, sodium perborate, sodium 
methylparaben, citric acid, sodium chloride, sodium fluoride, sodium saccharin (NGen Oral 
Pharma NV, www.ngenpharma.com; van den Bosch, US patent number 6.017.515). 

Study design 

The study started with a pre-experimental appointment (1 month prior to baseline) during 
which dental plaque was scored and sampled with the intention to assess the consistency of 
collected plaque scores and microbiological data relative to the baseline. At baseline, dental 
plaque was again scored and sampled. In addition, the level of bleeding on marginal probing 
was assessed as a descriptive of the oral health status of the included subjects. After the 
baseline measurements, a professional prophylaxis was performed by a dental hygienist as 
described in detail by Slot et al., (2010) in order to start the experiment with equally clean 
teeth. Following the prophylaxis, a one-week non-brushing experimental period of 
undisturbed plaque accumulation was started. With respect to oral hygiene the participants 
were only allowed rinsing with the distributed mouthwash (AX).  Each subject received an 
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instruction form on how to use the intervention product and the first rinse was performed 
under supervision. Participants were instructed to rinse twice daily (morning and evening) for 
1min and not to rinse, drink or eat for at least 30 min thereafter.  No other form of oral 
hygiene during the subsequent week was allowed, including chewing gum (Keukenmeester et 
al., 2014) or any xylitol containing sweets or gum (Soderling, 2009).  

Clinical assessments 

In the study a partial-mouth model (Bentley and Disney, 1995) was used. Two contra-lateral 
randomly chosen quadrants (www.random.org) served for the collection of dental plaque 
biofilm that was not disturbed by scoring or the disclosing solution (one in the upper and one 
in the lower jaw; Heijnsbroek et al., 2006, van Leeuwen et al., 2015).   

The two opposing contra-lateral quadrants were used for the clinical plaque assessments. All 
teeth in each of the two quadrants were examined except third molars. Scoring was 
performed by twoexperienced examiners each responsible for scoring one clinical  parameter 
(plaque or bleeding) separately. For plaque scores teeth were disclosed with a 1% erythrosine 
solution. Plaque was assessed at six sites per tooth on a six-point scale using the Quigley & 
Hein (1962) plaque index  as modified by Turesky et al. (1970) and further modified by Lobene 
et al., 1982, in which the absence or presence of plaque was recorded on a 0–5 scale (0 = no 
plaque, 5 = plaque covering more than two-thirds of the tooth surface) and described in detail 
by Paraskevas et al. (2007). At the baseline appointment the level of oral health was assessed 
in the two contra-lateral quadrants that had previously been sampled for supragingival plaque 
using the Bleeding on Marginal Probing (BOMP) score (Van der Weijden et al., 1994a, Van der 
Weijden et al., 1994b, Lie et al., 1998). Bleeding was elicited with a WHO-approved ball-ended 
probe (Ash Probe EN15, Dentsply International, York, PA, USA). The absence or presence of 
bleeding was scored within 30 s of probing on a scale of 0–2 (0 = non-bleeding, 1 = pinprick 
bleeding, 2 = excess bleeding). 

Sampling procedure 

Since it is imperative to characterize differences in microbial composition among specific oral 
locations, supragingival dental plaque was collected from the buccal sites of four pre-selected 
teeth being the same at all three assessments (first molar and canine, upper and lower jaw). 
Dental plaque was carefully collected by an experienced examiner with a sterile microbrush 
(Microbrush International, Grafton, USA) per tooth moving over the enamel surface from the 
mesial to distal curvature of the tooth crown along the gingival margin and tooth-surface 
border. The tip of each of the four microbrushes was clipped off and placed in a single vial 
containing RNAProtect Bacteria reagent (Qiagen, Hilden, Germany). Samples were coded, kept 
on ice until transfer within two hours to the laboratory. 

DNA extraction, amplicon preparation and pyrosequencing 

Of the 72 clinical samples belonging to 25 subjects, 6 samples were lost due to technical 
reasons. DNA was extracted with the AGOWA mag Mini DNA Isolation Kit (AGOWA, Berlin, 
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Germany) as described previously (Crielaard et al., 2011). Barcoded amplicon libraries of the 
small subunit ribosomal RNA gene hypervariable region V5–V7 were generated for each of the 
individual sample as described previously (Kraneveld et al., 2012), pooled and sequenced by 
means of the Genome Sequencer FLX Titanium system (Roche Molecular Diagnostics). The 
sequencing data was processed using Quantitative Insights Into Microbial Ecology (QIIME) 
(Caporaso et al., 2010) version 1.5.0. The reads were denoized using Denoiser version 1.3.0 
(Reeder and Knight) and checked for chimeric sequences using UCHIME version 4.2.40 (Edgar 
et al., 2011). The results of the de novo and the reference-based approach were combined and 
reads marked as chimeric were removed. Sequences were clustered in operational taxonomic 
units (OTUs) at 97% similarity.  

Statistical analyses 

The statistical package SPSS software version 19.0 was used to perform statistical analyses. 
The effect of AX on bacterial strains in the agar diffusion assay was analyzed for each AX 
concentration relative to the effect of 0.2% CHX for each bacterial strain (Mann-Whitney test). 
Differences among strains per-compound were calculated using one-way ANOVA and Tukey B 
post hoc test.  

For the clinical study, the mean plaque score and gingival bleeding score were calculated first 
per participant. Additionally the mean bleeding score at baseline for the sampled teeth was 
calculated. Plaque scores were tested for normality using the Shapiro-Wilk test. Non-
parametric Wilcoxon Signed Rank test was performed to test for differences in plaque scores 
between the three visits: pre-experimental, baseline and post-experimental. To normalize the 
microbial data for comparisons among different samples and to avoid the effect of variable 
sample size on the diversity analyses, a randomly subsampled data set of 850 reads per 
sample was created. This resulted in exclusion of additional five samples with less than 850 
reads/sample. PAST software (Hammer et al., 2001) was used to calculate Shannon diversity 
index, which takes into account the abundance of each OTU, as well as the number of OTUs. 
The normality of the diversity index data was assessed using Shapiro Wilk test. Paired samples 
T-test was used to compare the diversity indices between the three time points. OTU-
significance paired samples T-test implemented in QIIME 1.5.0(Caporaso et al., 2010)was used 
to compare the abundances of OTUs at baseline and post-experimental samples. Only those 
OTUs that were present in at least 10 samples were included in the analyses, resulting in 75 
comparisons. The p-values were corrected for these multiple comparisons using Bonferroni 
correction. P-values below 0.05 were considered statistically significant. 

To visualize microbial profile data, principal component analysis (PCA) was used in PAST. The 
OTU abundances were log2 transformed to normalize the data distribution. 
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sample was created. This resulted in exclusion of additional five samples with less than 850 
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OTUs that were present in at least 10 samples were included in the analyses, resulting in 75 
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To visualize microbial profile data, principal component analysis (PCA) was used in PAST. The 
OTU abundances were log2 transformed to normalize the data distribution. 
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RESULTS 

In vitro study 

Based on the size of the inhibition zone (mm), the efficacy of CHX was greater than that of AX 
at all concentrations tested and for all bacterial strains (p < 0.05). AX showed high variation in 
inhibition (Fig. 4.1), which was statistically significant among various strains (Table 4a.2). 
Streptococcus mutans, Lactobacillus acidophilus and Streptococcus sanguinis were the least 
affected (inhibition zone 0 mm - 0.3 mm), while Prevotella nigrescens (9 mm) and Prevotella 
intermedia (9 mm) - the most p < 0.05 (Table 4a.2). 

All tested strains were inhibited by CHX and the differences in inhibitory activity among strains 
were less pronounced than for AX (Table 4a.2). Porphyromonas gingivalis K- was the most 
affected (14 mm) and Staphylococcus aureus – the least (6 mm). None of the strains were 
inhibited by the AX blank (0 mm). 

For most strains the MICs and MBCs for AX were ≤ 638 mg/l SP. Except for L. acidophilus - 
2550 mg/l SP, S. aureus and S. sanguinis - 1275 mg/l SP (Table 4a.3). The MBCs and MICs for 
AX were nearly the same (Table 4a.3). 
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Figure 4a.1 Effects of Ardox-X®-technology (AX), Blank AX and Chlorhexidine (CHX) on inhibition of oral 
bacterial strains in agar diffusion assay. Inhibition zone size is expressed in mm (mean of triplicate 
experiment, except duplicate for Aa and Fn). The strains (Table 4a.1) used were: Parvimonas micra (Pm); 
Porphyromonas gingivalis (Pg K1). (Pg K-). (Pg K6); Actinomyces naeslundii (An); Fusobacterium 
nucleatum (Fn); Campylobacter rectus (Cr); Staphylococcus aureus (Sa); Aggregatibacter 
actinomycetemcomitans (Aa); Lactobacillus acidophilus (La);  Veillonella parvula (Vp);  Streptococcus 
sanguinis (Ss); Streptococcus mutans (Sm); Prevotella intermedia (Pi); Prevotella nigrescens (Pn); 
Tannerella forsythia (Tf). 
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Table 4a.3 MICs and MBCs of Ardox-X® technology for the 16 strains studied, 
expressed as sodium perborate (SP) concentration in the compound.  

Bacteria 
strain 

MIC MBC 

SP mg/l range SP mg/l range 

An 319 319 - 638 319 319 - 638 

Aa 159 80 - 319 319 80 - 638 

Cr 159 NA 638 319 - 638 

Fn 159 159 - 319 159 159 - 319 

La 2550 1275 - 2550 2550 1275 - 2550 

Pm 638 638 - 1275 638 638 - 1275 

Pg K- 319 NA 319 319 - 638 

Pg K1 319 NA 638 NA 

Pg K6 159 80 - 159 159 NA 

Pi 80 40 - 80 80 80 - 159 

Pn 80 80 - 159 80 80 - 159 

Sa 1275 638 - 1275 1275 638 - 1275 

Sm 638 638 - 1275 638 638 - 1275 

Ss 1275 638 - 1275 1275 638 - 1275 

Tf 319 159 - 319 319 159 - 319 

Vp 159 NA 159 NA 

Values are median (range) of experiment in triplicate. NA, not applicable due to equal 
values. 

 

Table 4a.4 Subject demographics and their periodontal health 

N 25 

Female/Male 17/8 

Age in years, mean (SD)  21.5 (1.9) 

DPSI*  

   1 1 

   2 11 

   3- 13 

BOMP**, mean (SD) 1.15 (0.33) 

* Dutch periodontal screening index (Mantilla Gomez et al., 2001) 

** Bleeding on marginal probing (BOMP) at baseline (Van der Weijden et al., 1994a, Van 
der Weijden et al., 1994b, Lie et al., 1998)
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Table 4a.3 MICs and MBCs of Ardox-X® technology for the 16 strains studied, 
expressed as sodium perborate (SP) concentration in the compound.  

Bacteria 
strain 

MIC MBC 

SP mg/l range SP mg/l range 

An 319 319 - 638 319 319 - 638 

Aa 159 80 - 319 319 80 - 638 

Cr 159 NA 638 319 - 638 

Fn 159 159 - 319 159 159 - 319 

La 2550 1275 - 2550 2550 1275 - 2550 

Pm 638 638 - 1275 638 638 - 1275 

Pg K- 319 NA 319 319 - 638 

Pg K1 319 NA 638 NA 

Pg K6 159 80 - 159 159 NA 

Pi 80 40 - 80 80 80 - 159 

Pn 80 80 - 159 80 80 - 159 

Sa 1275 638 - 1275 1275 638 - 1275 

Sm 638 638 - 1275 638 638 - 1275 

Ss 1275 638 - 1275 1275 638 - 1275 

Tf 319 159 - 319 319 159 - 319 

Vp 159 NA 159 NA 

Values are median (range) of experiment in triplicate. NA, not applicable due to equal 
values. 

 

Table 4a.4 Subject demographics and their periodontal health 

N 25 

Female/Male 17/8 

Age in years, mean (SD)  21.5 (1.9) 

DPSI*  

   1 1 

   2 11 

   3- 13 

BOMP**, mean (SD) 1.15 (0.33) 

* Dutch periodontal screening index (Mantilla Gomez et al., 2001) 

** Bleeding on marginal probing (BOMP) at baseline (Van der Weijden et al., 1994a, Van 
der Weijden et al., 1994b, Lie et al., 1998)
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Figure 4a.2 Flow chart and timeline of the pilot clinical study 

Effect of an oxygenating agent on oral bacteria in vitro and in vivo 

61 

 

Pilot clinical study 

Of 26 participants initially enrolled in the study, one participant dropped out for a 
reason unrelated to the study (Table 4a.4, Fig.4a.2). The duration of overnight 
plaque accumulation assessed at the pre-experimental and the baseline visits 
ranged from 10 h to 16 h with an average of 13 h (SD 2.9). At the baseline 
appointment, the mean level of gingival health of the participants, as assessed by 
Bleeding on Marginal Probing (BOMP) in two contra-lateral quadrants, was 
1.15(SD 0.33) (Table 4a.4). The mean bleeding scores at the sampled teeth (total 
of 12 buccal sites from four pre-selected teeth) was 0.98 (SD 0.43), which 
corresponds to 51% bleeding (SD 23). 

Plaque scores did not differ significantly between the pre-experimental visit and 
baseline (p=0.193), while plaque scores increased significantly (p= 0.014) during a 
week without any additional oral hygiene measures but with twice-daily use of AX 
mouthwash (Table 4a.5). 

Compliance to the rinsing protocol was assessed by weighing the bottles at the 
baseline and 7 days later at the post-experimental visit. The difference was on 
average 140 g (± 14 g), which implied on average 14 servings of 10 ml complying  
with the individual instructions for use given.  

In total 19 participants provided evaluable microbiological data. The data of three 
participants were excluded due to the technical reasons in sample processing, and 
another three – due to low reads (<850) per sample in one of the samples after 
the filtering steps of the sequencing data.  The remaining 54 samples had on 
average 3135 reads/sample (SD 1047). The total of 169309 reads were classified 
into 15 phyla, with Actinobacteria (39% of the reads) and Firmicutes (31%) 
dominating the data, followed by Proteobacteria (19%), Bacteroidetes (7.5%), 
Fusobacteria (3.1%) and Candidate division TM7 (0.3%). 

 

Table 4a.5 Mean (SD) and range of Plaque index scores 

 Mean  Min Max p-value* 

Pre-experimental 2.27 (0.34) 1.68 3.01 0.193 Pre-experimental vs 
Baseline      

Baseline 

Baseline 

2.21 

2.21 

(0.31) 1.60 3.12 0.014 

 

Baseline vs Post-
experimental Post-experimental 

Post- 

experimental 

2.43 (0.39) 1.63 3.26 

*Wilcoxon Signed Ranks test
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After subsampling at 850 reads/sample, the diversity and taxonomic comparisons 
among the three visits (pre-experimental, baseline and post-experimental) were 
performed. Shannon diversity index, taking into account the abundance of each 
OTU as well as the number of OTUs, significantly increased from pre-experimental 
to baseline visit from 2.67 (SD 0.29) to 2.79 (SD 0.29) (p=0.02) and significantly 
decreased at post-experimental visit to 2.09 (SD 0.39) (p<0.001). 

Genera Corynebacterium (21% of reads) and Streptococcus (16-20%) dominated 
the pre-experimental and baseline samples. Both of these genera were 
significantly affected by the treatment period: Corynebacterium was reduced to 
2% and Streptococcus – increased to 32% (Fig.4a.3). Additionally, genus Veillonella 
showed significant increase from 2-3% to 12% after the treatment, while genus 
Derxia showed significant decrease from 3% to 0.7%, respectively (Fig. 4a.3). 
Genus Leptotrichia was nearly absent after the experimental period, while it 
constituted approximately 2% of the reads at the pre-experimental and baseline 
visits. Genus Prevotella was present at a very low proportion – between 1 and 
1.5% of the reads throughout the study and showed no significant effect of the 
treatment. 

To identify the OTUs that contribute to the differences between the visits, an 
OTU-category significance test using paired samples T-test was performed, 
corrected for multiple comparisons (75) using Bonferroni correction. No OTUs 
differed significantly between the pre-experimental and baseline visits, while 10 
OTUs differed between the baseline and post-experimental visit (Table. 4a.6). Two 
OTUs – OTU169, classified as Veillonella, and OTU113, classified as Streptococcus 
(blast: Streptococcus sanguinis SK1, 100% ID) increased. From the eight OTUs that 
showed a significant decrease, OTU197 was identified as Streptococcus cristatus 
(100% blast ID) and OTU183 – as Leptotrichia hongkongensis (100% blast ID), 
while the remaining six OTUs (Table 4a.6) could not be identified at species level. 

Next, the microbiome profile data were ordinated by applying principal 
component analysis (PCA) (Fig. 4a.4). The first principal component (PC1) 
explained 27% of the overall variance among the samples and showed a clear 
separation of the pre-experimental (black dots, Fig. 4a.4) and baseline samples 
(blue dots, Fig. 4a.4) from the post-experimental samples (red dots in Fig. 4a.4). 
The second component explained 11% of the total variance and separated the 
samples belonging to subjects Nr 1 and Nr 31 from the rest (Fig. 4a.4).  
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Table 4a.6 Significantly differently abundant OTUs between baseline and post-
experimental visit and their abundance in plaque samples.  

 

OTU* 

 

Pre-experimental 

Number of reads (SD) 

Baseline 

 

Post-experimental 

113.Streptococcus 155  (52) 128 (53) 258  (93) 

120.Corynebacterium 153 (93) 158 (84) 13  (15) 

169.Veillonella 28  (43) 16  (14) 106  (61) 

16.Corynebacterium 23  (21) 20  (15) 3  (6) 

183.Leptotrichia 11  (8) 9  (7) 0.05  (0.23) 

251.Capnocytophaga 7  (7) 9 (7) 2  (3) 

197.Streptococcus 7  (8) 6  (4) 0.2  (0.5) 

245.Cardiobacterium 6  (6) 8  (6) 2  (2) 

Samples were randomly subsampled to 850 reads/sample. * - OTUs that remained 
significant after OTU-significance Paired samples T-test, Bonferroni correction, p 
≤0.001; N=19 

Figure 4a.3 Average proportions of major genera from dental plaque samples 
collected at pre-experimental, baseline and the post-experimental visit. Error bars 
– standard deviations. Horizontal lines indicate statistically significantly different 
proportions of reads of the respective genera between the post-experimental and 
the other two visits (p<0.05, Wilcoxon signed ranks test, after Bonferroni 
correction for multiple comparisons). N=19  
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Figure 4a.4 Principal Component Analysis (PCA) plot of microbiome samples from 
pre-experimental visit (black dots); baseline of the experimental period (green 
dots) and post-experimental visit (red dots). The first component (PC1) explained 
27% of the total variance, the PC2 - 11%. The same labels indicate samples that 
originated from the same individual. 
  

Effect of an oxygenating agent on oral bacteria in vitro and in vivo 

65 

 

DISCUSSION 

The in vitro experiments of this study indicated that oxygen-releasing compound 
Ardox –X® technology (AX) selectively inhibits oral bacteria, with anaerobe Gram-
negative species being the most sensitive. These promising findings were further 
tested in vivo, during a pilot clinical study with experimental period without any 
oral hygiene measures but twice-daily rinse with mouthwash containing AX. After 
a week of non-brushing, the plaque scores increased, while the microbial 
composition showed a shift towards compositionally less diverse plaque, 
dominated by primary colonizing genera Streptococcus and Veillonella compared 
to the Corynebacterium dominated plaque at the baseline.  

It has been proposed that in order to study the effects of a mouthwash, a 
population with a high amount of plaque should be studied (Wennstrom, 1988). 
The study population therefore included individuals that proved to be good 
plaque formers at the screening visit. Moreover, it is known that the periodontal 
condition affects the rate of supragingival plaque forming (Hillam and Hull, 1977, 
Rowshani et al., 2004). Participants showed to have moderate gingivitis at 
baseline whereby 51% of the sampled sites were bleeding on marginal probing. 
The one-month interval between the pre-experiment assessment and baseline did 
not result in significant changes in plaque scores or in plaque composition of the  
study population. This is in line with previous studies, which have demonstrated 
the stability of the oral microbiome (Zhou et al., 2013). Microbial composition of 
the supragingival plaque in this gingivitis population one month before the 
experiment and at the baseline resembled mature plaque (Haffajee et al., 2009) 
and plaque associated with gingivitis (Huang et al., 2011). The major taxon in 
these samples was identified as Corynebacterium, a Gram-positive, facultatively 
anaerobe bacterium that resembles Gram-negatives with respect to the lipid layer 
in the cell membrane (John, 1984). Corynebacterium is associated with mature 
plaque and is found in dental calculus (Moorer et al., 1993).  

The participants of the classical experimental gingivitis model (Loe et al., 1965, 
Theilade et al., 1966) received a prophylaxis and subsequently refrained from oral 
hygiene for 21 days inducing an acute stage of inflammation in otherwise healthy 
subjects. For the present study a seven-day model was chosen since the purpose 
was not to change the level of gingival health but to assess the effects on the 
microbial composition of undisturbed plaque. In the absence of oral hygiene, 
bacterial re-colonization increases after professional oral hygiene reaching or 
exceeding pre-prophylaxis levels at two days (Uzel et al., 2011) and de novo 
plaque formation reaches a stable microbial community between four to seven 
days (Uzel et al., 2011). Higher diversity of mature supragingival plaque compared 
to younger plaque has been found in a recent experimental gingivitis study (Kistler 
et al., 2013). In the present study after the baseline assessment, the participants 
received a thorough professional oral hygiene and were not allowed to brush their 
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teeth for one week. Instead, they were asked to perform a twice daily rinsing with 
AX-containing mouthwash. As expected, the plaque amount increased during the 
experimental period. The composition of the sampled plaque also changed 
impressively, whereby microbial diversity had decreased significantly, when 
compared to the pre-experimental and baseline visits. Genus Corynebacterium 
was considerably reduced , while streptococci, Veillonella and Haemophilus – all 
health-associated primary colonizers (Colombo et al., 2009, Simon-Soro, et al. 
2013) - dominated the post-experimental plaque. 

In vitro diffusion and susceptibility tests showed that AX is highly selective in 
inhibiting oral bacteria. The Gram-negative anaerobes such as prevotellas, but also 
Veillonella, Tannarella, Campylobacter, Fusobacterium and Porphyromonas were 
highly sensitive, while streptococci and lactobacilli, facultative anaerobe Gram-
positive bacteria, were not inhibited even by the highest dose of AX tested in the 
diffusion test. In the clinical samples genus Prevotella were found at very low 
levels throughout the study and no effect of AX was discernible. However, other 
Gram-negative taxa such as genera Derxia and Leptotrichia, as well as OTUs 
classified as Cardiobacterium (OTU#245) and Capnocytophaga (OTU#251) were 
significantly reduced during the experimental period. Unfortunately, in vitro tests 
did not include any genus Corynebacterium species which allows only for 
speculation whether this Gram-positive bacterium with the characteristics of 
Gram-negatives (John, 1984) was also highly susceptible to exposure to AX. 
Alternatively  its nearly complete elimination from the post-experimental plaque 
samples could have other reasons for instance its growth could have been 
inhibited due to ecological shifts in the entire community (Bradshaw et al., 1989). 
Another intriguing bacteria was Veillonella - anaerobe Gram-negative bacteria, 
associated with early supragingival plaque (Haffajee et al., 2009, Li et al., 2004). 
Although Veillonella was found to be susceptible to AX in in vitro testing, this 
genus showed a significant increase after the experimental period with twice-daily 
exposure to the AX mouthwash. This could be attributed to the ‘pioneering’ 
function of this bacteria; it is found in healthy individuals, in young supragingival 
plaque, in similar proportions with streptococci (Keijser et al., 2008; Haffajee et 
al., 2009). Veillonellae are secondary fermenters – they consume lactic acid 
produced during glucose fermentation by streptococci (Keller and Surette, 2006, 
Periasamy and Kolenbrander, 2010) and produce other, weaker acids such as 
acetic and propionic acid. By doing so, the environmental conditions are created 
that promote growth of both of these genera (Bradshaw et al., 1989). The most 
likely explanation of the increase of genus Veillonella during the experimental 
period, although sensitive to direct exposure to AX in vitro, could be related to this 
ecologically beneficial relationship with streptococci. 

The selective inhibition of oral bacteria  by AX is of interest with respect to gingival 
and periodontal diseases, since infections associated with Gram-negatives would 
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be selectively suppressed whereas the microorganisms regarded as more 
beneficial for periodontal health such as streptococci and lactobacilli would not. 
Several in vitro studies (Teughels et al., 2007, van Essche et al., 2012) and recent 
clinical studies (Iniesta et al., 2012, Teughels et al., 2013, Yanine et al., 2013) have 
suggested that these allegedly beneficial bacteria can cause antagonism towards 
Gram-negative bacteria. 

In the agar diffusion assay, AX had significantly lower inhibitory effect than CHX. 
The activity of AX could have been limited to a short period right after its 
administration until the active component is broken down and oxygen is released. 
CHX is known to retain its activity for a longer time period after a single 
application in vitro (Carrilho et al., 2010). The only other study that has assessed 
the antimicrobial effect of AX, showed that the AX containing product had higher 
antimicrobial capacity than chlorhexidine towards monospecies bacterial biofilm 
and microcosm obtained from pooled saliva (Ntrouka et al., 2011). 

So far, chlorhexidine (CHX) has proven to be the most effective antimicrobial 
agent in clinical dentistry and is considered as the “gold standard” disinfectant in 
dental research (Arweiler et al., 2001, Jones, 1997). Although it is widely used in 
periodontics and is among the most effective compounds preventing plaque 
formation (Addy, 1986), it has several side effects (Gurgan et al., 2006, Keijser et 
al., 2003) and therefore may result in poor rinsing compliance by patients 
(Cortellini et al., 2008, Addy and Moran, 1985, Van Strydonck et al., 2012). 
Optimizing anti-plaque agents, reducing their side effects while at the same time 
taking care that the oral microbiota are kept in balance with oral health has 
initiated interest in the development of other chemotherapeutical agents. 
Interestingly, AX showed selective inhibition of oral bacteria that may contribute 
to this demanding balance and deserves further investigation. 

The lack of controls is a major limitation of this study that could have potential 
bias on the interpretation of this study outcomes. This pilot however indicates a 
potential rationale for more elaborate studies with a randomized clinical trial 
protocol that would include both a positive control such as CHX, and a negative 
control without any antimicrobial effects.  The potential effect of AX on reductions 
in both the clinical manifestations of gingivitis and the inhibition of or reduction of 
plaque or plaque pathogenicity still needs to be demonstrated. For that purpose a 
21 days experimental gingivitis model could be used or alternatively a 4-week  trial 
among gingivitis subject as proposed by the American Dental Association in their 
Acceptance Guidelines of Chemotherapeutic Products for Control of Gingivitis 
(ADA, Acceptance Guidelines 2008). 

In conclusion, a mouthwash containing the oxygenating agent Ardox-X® technology 
showed potential for selective inhibition of oral bacteria. Twice-daily exposure for 
one week to this mouthwash resulted in a shift in the microbial composition 
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towards a less diverse and less mature plaque. The clinical consequences of this 
shift in the oral microbiota need to be established. 
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The Supplementary Material for this article can be found online at: 
http://www.frontiersin.org/journal/10.3389/fcimb.2014.00095/abstract 

(1) seqs_rct_rep_set.fasta with the representative sequences of each OTU; 

(2) otu_table_rct_not_subsampled.txt file with the OTU-table containing the list of 
OUTs and the irrespective taxonomical assignment and read abundances per each 
sample. 
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ABSTRACT 

Objectives  

The aim of this cross-sectional study was to assess the correlation between dental plaque 
scores determined by the measurement of red autofluorescence or by visualization with a 
two-tone solution. Clinical photographs were used for this study. 

Materials and methods  

Overnight plaque from the anterior teeth of 48 participants was assessed for red fluorescence 
on photographs (taken with a QLF-camera) using a modified Quigley&Hein (mQH)-index. A 
two-tone disclosing solution was applied. Total disclosed plaque was clinically assessed using 
the mQH index. In addition, total and blue disclosed plaque was scored on clinical photographs 
using the mQH-index. 

Results  

A strong correlation was observed between the total disclosed plaque scored on photographs 
and the clinical scores (r=0.70 at site level; r=0.88 at subject level). The correlation between 
red fluorescent plaque and total plaque, as assessed on the photographs, was moderate to 
strong and significant (r=0.50 at the site level; r=0.70 at the subject level), with the total 
plaque scores consistently higher than the red fluorescent plaque scores. The correlation 
between red fluorescent plaque and blue disclosed plaque was weak to moderate and 
significant (r=0.30 at the site level; r=0.50 at the subject level). 

Conclusions 

Plaque, as scored on white-light photographs, corresponds well with clinically assessed plaque. 
A weak to moderate correlation between red fluorescing plaque and total disclosed plaque or 
blue disclosed plaque was found. 

Clinical relevance  

What at present is considered to be matured dental plaque, which appears blue following the 
application of a two-tone disclosing solution, is not in agreement with red fluorescent dental 
plaque assessment.  

 

Keywords: dental plaque, autofluorescence imaging, fluorescence, oral hygiene, dental plaque 
index; dental photography   
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INTRODUCTION 

Caries and inflammation of the periodontal tissues are the most common oral diseases and are 
caused by the dental plaque present on the teeth (Marsh, 1994). Dental plaque becomes more 
pathogenic when present for a longer period on the tooth surface (matured plaque) 
(Kolenbrander et al., 2010). Therefore, prevention of oral diseases relies on frequent plaque 
removal (Axelsson and Lindhe, 1978). 

Several plaque indices have been developed for research purposes to determine the area of 
the tooth that is covered with plaque. Clinically assessed scores as well as planimetric methods 
(Pretty et al., 2005) are frequently used after plaque has been disclosed. Often, a two-tone 
plaque-disclosing solution is used, which supposedly discloses ‘young’ plaque in a pinkish tone 
and ‘old’ or ‘matured’ plaque in a blueish tone (Gallagher and Cutress, 1977, Block et al., 
1972). The pink dye adheres to all plaque, whereas the blue dye adheres and diffuses more 
easily into the denser / thicker plaque. Hence, the claim of the manufacturer is that young 
plaque stains pink and matured plaque stains blue-purple. 

Dental plaque may also fluoresce red when excited with visible violet light (405 nm) (Heinrich-
Weltzien et al., 2003, Thomas et al., 2008). This fluorescence is an intrinsic characteristic of 
plaque and is therefore called autofluorescence. However, not all plaque fluoresces red. In-
vitro studies on red autofluorescence from bacteria and biofilms assume that this fluorescence 
can be attributed to matured or cariogenic plaque (Kim et al., 2014, Thomas et al., 2008, van 
der Veen et al., 2006). While many bacteria that are associated with oral diseases are able to 
fluoresce red (Bjurshammar et al., 2012, Coulthwaite et al., 2006, Lennon et al., 2006a, 
Volgenant et al., 2013), modern dietary patterns may affect the autofluorescence of oral 
bacteria as well. Recent studies on plaque fluorescence indicate that either the volume or the 
age of the biofilm determines its red fluorescence or that fluorescence is activated by 
environmental triggers(Lee et al., 2013, Volgenant et al., 2013, Kim et al., 2014). In a clinical 
situation, red fluorescent plaque could thus be associated with a thick layer of plaque, 
maturation of the dental plaque, or the presence of inflamed gingival tissue. And more plaque 
formation occurs at sites in the oral cavity associated with periodontal inflammation as 
compared with that in healthy sites (Dahan et al., 2004, Rowshani et al., 2004). Plaque in some 
patients may fluoresce within 24 hours after professional tooth cleaning, while in others, no 
red fluorescing plaque is seen after 4 days without oral hygiene. This difference between 
patients makes it difficult to interpret red fluorescent dental plaque.  

A clinical study about dental plaque fluorescence and its correlation with the plaque scores of 
the total disclosed plaque and the matured plaque portion (blue disclosed portion) could 
contribute to the understanding of the diagnostic value of red fluorescent plaque.  

The aim of this cross-sectional study was to evaluate the correlation between clinically 
assessed combined (blue and pink) plaque scores and the combined plaque scores assessed on 
photographs. In addition on photographs, the correlation between scores of dental plaque as 
made visible by its red autofluorescence or by disclosing with a two-tone solution was 
assessed. Furthermore, the periodontal condition is known to be a defining factor in the rate 
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of plaque formation (Quirynen et al., 1991). Therefore, the level of gingival health was also 
assessed clinically, and the bleeding scores per site were compared with the obtained plaque 
scores to assess a possible relationship between the various methods of plaque assessments 
and gingival inflammation. 

MATERIALS AND METHODS 

Ethics approval and study participants 

This cross-sectional study was performed as part of the baseline assessment of a clinical trial 
at the Periodontology department of the Academic Centre for Dentistry Amsterdam, which 
was approved by the Medical Ethics Committee of the Academic Medical Centre of 
Amsterdam (AMC) under registration number NL 37567.018.11. The trial was registered at the 
Dutch Trial Register under number NTR 3145. The study followed the instructions based on the 
Declaration of Helsinki (2008).  

During the study-entry-assessment period, the participants received oral and written 
information about the study and could join the study after signing the informed consent. They 
were subsequently screened for inclusion and exclusion criteria approximately one month 
prior to the start of the study. The participants were considered eligible when they were 18 
years of age and in good general health. They needed to have at least 6 evaluable anterior 
teeth and no prosthetics or crowns and bridgework in this region and should not have 
periodontitis as established by the Dutch Periodontal Screening Index (DPSI ≤ 3 minus) 
(Mantilla Gomez et al., 2001). This implies that participants did not have periodontal pockets 
deeper than 5mm and had no recessions. Prior to the screening visit, the participants 
abstained from any means of oral hygiene for at least 12 hours. Only participants with a 
modified Quigley & Hein plaque-index score ≥ 2 (clinically assessed) were included to pre-
select participants who were able to form overnight dental plaque (‘heavy’ plaque formers). 
Throughout this study, the modified Quigley & Hein plaque-index was used(Quigley and Hein, 
1962). This is a modification by Turesky et al. (Turesky et al., 1970) in the final description of 
Paraskevas et al. ( 2007) (mQH index). Participants wearing orthodontic appliances (except for 
lingual retention wires) or wearing removable (partial) dentures were excluded. Participants 
were also required to have no untreated cavities at the moment of inclusion, nor restorations 
with overhanging margins (when clinically assessed with a probe). Additionally, smokers and 
pregnant women were excluded from participation in this study.  

Clinical procedures 

The participants were instructed not to brush the night before the baseline study visit (to 
develop overnight plaque) and not to eat or drink (except water) 2 hours prior to the 
assessment. At the start of the study visit, the medical history was updated. Fluorescence 
photographs were taken of the vestibular aspect of the teeth in the upper and lower jaw 
(cuspid-to-cuspid) in an end-to-end position with a Canon 450-D SLR camera equipped with a 
Biluminator tube (QLF-D system, Inspektor Research Systems BV, Amsterdam, the 
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Netherlands) to assess the red fluorescence of plaque. Next, the plaque was disclosed using a 
cotton swab with a two-tone disclosing dye solution (Mira-2-Ton; Hager & Werken, Duisburg, 
Germany). The disclosing dye solution was applied on a fresh cotton swab till the swab was 
fully saturated. Subsequently the swab was gently applied on the tooth surfaces. Excess 
solution was washed away by allowing the participants to rinse with tap water once. An end-
to-end photograph of the teeth after plaque disclosing was captured using an SLR camera with 
a ring flash (Canon Inc., Tokyo, Japan). Plaque was assessed clinically using the mQH index 
(Paraskevas et al., 2007). Inflammation of the gingiva was assessed using the bleeding on the 
marginal probing index (BOMP) as previously described (Van der Weijden et al., 1994). BOMP 
was determined on three upper front teeth and three contra-lateral lower front teeth. 

Each clinical parameter was assessed by the same independent calibrated examiners; plaque 
assessment was performed by G.v.A. and bleeding assessment by E.J.C.M. Clinical parameters 
were scored from the vestibular aspect of the anterior teeth from the right cuspid to the left 
cuspid at the upper and lower jaw.  

Photo assessment 

The fluorescence photographs and the white-light clinical photographs were renamed with a 
unique identifier that blinded the examiner to the participant. The vestibular aspect of the 
anterior teeth (cuspid-to-cuspid, both upper and lower jaw) was assessed. Plaque was visually 
assessed on the clinical (white light) photographs using the mQH index. This index was applied 
combining both pink and blue disclosed plaque (Combi-mQH) as well as on the portion of blue 
disclosed plaque (Blue-mQH). 

Red autofluorescence of dental plaque was visually assessed on the fluorescence photographs. 
To describe the extent of the red fluorescing plaque, the modified version of the mQH index 
was used (QLF-mQH, Figure 1). 

All photographs were examined twice under similar circumstances by each of the following 
four independent and calibrated examiners: N.R., M.F., M.V. and C.V. Duplicate assessments of 
each examiner were performed at least one week apart. To analyse and compare plaque 
indices, consensus scores were derived for red fluorescing plaque, total disclosed plaque and 
blue disclosed plaque scores.  
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During the study-entry-assessment period, the participants received oral and written 
information about the study and could join the study after signing the informed consent. They 
were subsequently screened for inclusion and exclusion criteria approximately one month 
prior to the start of the study. The participants were considered eligible when they were 18 
years of age and in good general health. They needed to have at least 6 evaluable anterior 
teeth and no prosthetics or crowns and bridgework in this region and should not have 
periodontitis as established by the Dutch Periodontal Screening Index (DPSI ≤ 3 minus) 
(Mantilla Gomez et al., 2001). This implies that participants did not have periodontal pockets 
deeper than 5mm and had no recessions. Prior to the screening visit, the participants 
abstained from any means of oral hygiene for at least 12 hours. Only participants with a 
modified Quigley & Hein plaque-index score ≥ 2 (clinically assessed) were included to pre-
select participants who were able to form overnight dental plaque (‘heavy’ plaque formers). 
Throughout this study, the modified Quigley & Hein plaque-index was used(Quigley and Hein, 
1962). This is a modification by Turesky et al. (Turesky et al., 1970) in the final description of 
Paraskevas et al. ( 2007) (mQH index). Participants wearing orthodontic appliances (except for 
lingual retention wires) or wearing removable (partial) dentures were excluded. Participants 
were also required to have no untreated cavities at the moment of inclusion, nor restorations 
with overhanging margins (when clinically assessed with a probe). Additionally, smokers and 
pregnant women were excluded from participation in this study.  

Clinical procedures 

The participants were instructed not to brush the night before the baseline study visit (to 
develop overnight plaque) and not to eat or drink (except water) 2 hours prior to the 
assessment. At the start of the study visit, the medical history was updated. Fluorescence 
photographs were taken of the vestibular aspect of the teeth in the upper and lower jaw 
(cuspid-to-cuspid) in an end-to-end position with a Canon 450-D SLR camera equipped with a 
Biluminator tube (QLF-D system, Inspektor Research Systems BV, Amsterdam, the 
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Netherlands) to assess the red fluorescence of plaque. Next, the plaque was disclosed using a 
cotton swab with a two-tone disclosing dye solution (Mira-2-Ton; Hager & Werken, Duisburg, 
Germany). The disclosing dye solution was applied on a fresh cotton swab till the swab was 
fully saturated. Subsequently the swab was gently applied on the tooth surfaces. Excess 
solution was washed away by allowing the participants to rinse with tap water once. An end-
to-end photograph of the teeth after plaque disclosing was captured using an SLR camera with 
a ring flash (Canon Inc., Tokyo, Japan). Plaque was assessed clinically using the mQH index 
(Paraskevas et al., 2007). Inflammation of the gingiva was assessed using the bleeding on the 
marginal probing index (BOMP) as previously described (Van der Weijden et al., 1994). BOMP 
was determined on three upper front teeth and three contra-lateral lower front teeth. 

Each clinical parameter was assessed by the same independent calibrated examiners; plaque 
assessment was performed by G.v.A. and bleeding assessment by E.J.C.M. Clinical parameters 
were scored from the vestibular aspect of the anterior teeth from the right cuspid to the left 
cuspid at the upper and lower jaw.  

Photo assessment 

The fluorescence photographs and the white-light clinical photographs were renamed with a 
unique identifier that blinded the examiner to the participant. The vestibular aspect of the 
anterior teeth (cuspid-to-cuspid, both upper and lower jaw) was assessed. Plaque was visually 
assessed on the clinical (white light) photographs using the mQH index. This index was applied 
combining both pink and blue disclosed plaque (Combi-mQH) as well as on the portion of blue 
disclosed plaque (Blue-mQH). 

Red autofluorescence of dental plaque was visually assessed on the fluorescence photographs. 
To describe the extent of the red fluorescing plaque, the modified version of the mQH index 
was used (QLF-mQH, Figure 1). 

All photographs were examined twice under similar circumstances by each of the following 
four independent and calibrated examiners: N.R., M.F., M.V. and C.V. Duplicate assessments of 
each examiner were performed at least one week apart. To analyse and compare plaque 
indices, consensus scores were derived for red fluorescing plaque, total disclosed plaque and 
blue disclosed plaque scores.  
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Figure 4b.1 An example of the plaque scoring system is shown for an upper jaw. The 
modified Quigley & Hein index (mQH) scores are described on the left. The buccal surfaces of 
the anterior teeth are divided into three surfaces (distal-buccal, mid-buccal and mesial buccal). 
The consensus scores for the mid-buccal surface of each tooth for blue disclosed plaque (Blue-
mQH) are provided above the white light photograph. The consensus scores for the mid-buccal 
surface of each tooth for total disclosed plaque (Combi-mQH) are provided below the white 
light photograph. The consensus scores for the mid-buccal surface of each tooth for red 
fluorescing plaque (QLF-mQH) are provided below the fluorescence photograph. 

Calibration 

The four examiners were trained and calibrated using a set of 25 fluorescence photographs 
and 25 white-light clinical photographs, which were randomly selected from the participants’ 
screening visit. A training session was organised for the assessment of disclosed plaque using 
the mQH criteria. Examiner N.R., experienced and calibrated for mQH assessments, trained 
the other three examiners. An identical procedure was performed for the assessment of red 
fluorescing plaque using the mQH criteria (Fig. 4b.1). Examiner M.V., experienced in QLF 
assessments, trained the other three examiners. During the training, each examiner scored the 
total disclosed plaque, blue disclosed plaque and red fluorescing plaque on 10 photographs. 
The scores from each examiner were compared and discussed to reach consensus scores. 
After training, the examiners independently scored the full training set in separate sessions at 
least one week apart. 
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Intra-and inter-examiner reliability 

The intra-examiner reliability (Cronbach’s alpha) was determined using the first and second 
assessments of the photographs included in the study. Inter-examiner agreement (Cronbach’s 
alpha) was determined using the second assessments from each examiner. The intra-examiner 
consistencies were 0.92 - 0.99 for the scoring of red fluorescing plaque on the fluorescence 
photographs, 0.89 - 0.98 for the total disclosed plaque and 0.55 - 0.90 for the blue disclosed 
plaque. The inter-examiner consistencies were 0.45 - 0.73 for the red fluorescing plaque on 
the fluorescence photographs, 0.60 - 0.81 for total disclosed plaque and 0.45 - 0.70 for the 
blue disclosed plaque. 

Data analysis 

All statistical analyses were performed using SPSS (version 20, IBM Inc. USA). The BOMP scores 
were dichotomized as score 0 (no bleeding) and score 1 (combined score 1: pinprick bleeding 
and score 2: excessive bleeding).  

The correlation coefficients at subject level between the different plaque scoring methods 
were calculated using the Pearson’s r. For the site-level comparison, the partial correlation 
coefficient was calculated to correct for dependencies at subject level. A correlation of 0.1 to 
0.3 was considered as a weak positive correlation; a correlation of 0.4 to 0.6 as a moderate 
positive correlation and a correlation of 0.7 to 0.9 as a strong positive correlation, according to 
criteria from Dancey & Reidy (Dancey, 2004). To test for differences in plaque scores between 
bleeding and non-bleeding sites, the Mann-Whitney U test was used. P-values < 0.05 were 
considered statistically significant. 

RESULTS 

Participants 

Out of 83 volunteers, 32 did not meet the inclusion criteria, and consequently, 51 participants 
were enrolled in this study. Three participants dropped out after the screening due to other 
commitments that prevented them from attending the clinic at the baseline appointment. 
None of these commitments were related to the study. A total of 48 individuals (mean age 
22.5; range 19 - 32) participated in the study of which 11 were men (mean age 22.1 years; 
range 20 – 26 years) and 37 women (mean age 22.6 years; range 19 – 32 years). The difference 
in age between men and women was not significant  (t = - 0.48, p >.05; independent samples 
t-test). The mean clinical mQH index of the 12 anterior teeth of the participants was 2.0 (sd 
1.0). The distribution of the DPSI among the participants is displayed in Table 4b.1. The mean 
level of gingival inflammation as assessed by BOMP in three upper front teeth and three 
contra-lateral lower front teeth was 0.55 (SD 0.50).  
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screening visit. A training session was organised for the assessment of disclosed plaque using 
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The scores from each examiner were compared and discussed to reach consensus scores. 
After training, the examiners independently scored the full training set in separate sessions at 
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were dichotomized as score 0 (no bleeding) and score 1 (combined score 1: pinprick bleeding 
and score 2: excessive bleeding).  
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were calculated using the Pearson’s r. For the site-level comparison, the partial correlation 
coefficient was calculated to correct for dependencies at subject level. A correlation of 0.1 to 
0.3 was considered as a weak positive correlation; a correlation of 0.4 to 0.6 as a moderate 
positive correlation and a correlation of 0.7 to 0.9 as a strong positive correlation, according to 
criteria from Dancey & Reidy (Dancey, 2004). To test for differences in plaque scores between 
bleeding and non-bleeding sites, the Mann-Whitney U test was used. P-values < 0.05 were 
considered statistically significant. 

RESULTS 

Participants 

Out of 83 volunteers, 32 did not meet the inclusion criteria, and consequently, 51 participants 
were enrolled in this study. Three participants dropped out after the screening due to other 
commitments that prevented them from attending the clinic at the baseline appointment. 
None of these commitments were related to the study. A total of 48 individuals (mean age 
22.5; range 19 - 32) participated in the study of which 11 were men (mean age 22.1 years; 
range 20 – 26 years) and 37 women (mean age 22.6 years; range 19 – 32 years). The difference 
in age between men and women was not significant  (t = - 0.48, p >.05; independent samples 
t-test). The mean clinical mQH index of the 12 anterior teeth of the participants was 2.0 (sd 
1.0). The distribution of the DPSI among the participants is displayed in Table 4b.1. The mean 
level of gingival inflammation as assessed by BOMP in three upper front teeth and three 
contra-lateral lower front teeth was 0.55 (SD 0.50).  
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Table 4b.1 A summary of the characteristics of the participants and their level of gingival 
inflammation.  

 DPSI* 0 DPSI 1 DPSI 2 DPSI 3- 

Anterior teeth 0 (0%) 2 (4%) 44 (92%) 2 (4%) 

Total mouth 0 (0%) 2 (4%) 21 (44%) 25 (52%) 

*DPSI (Dutch Periodontal Screening Index) score 0 stands for a mouth with no pockets deeper than 3 
mm, no bleeding on probing and no calculus and/or overhanging restorations present. DPSI score 1 has 
the same characteristics as score 0, but with bleeding on probing. DPSI score 2 has the same 
characteristics as score 1, but with calculus and/or overhanging restorations present. DPSI score 3- has 
pockets of a maximum of 5mm, bleeding on probing, supra- and subgingival calculus and/or overhanging 
restorations, but without recessions. 

 

 

Table 4b.2 Cross-table visualizing the level of agreement between the clinically assessed total 
disclosed plaque (Clinical-mQH) and the total disclosed plaque assessed by photograph 
(Combi-mQH) at a site level. The grey boxes in the table show the value gradients. 

 Clinical-mQH Total 

Combi- 
mQH 

 0 1 2 3 4 5  

0  83 34 67 5 0 0 189 

1  65 75 100 8 0 0 248 

2  23 28 411 84 3 0 549 

3  1 1 138 244 10 0 394 

4  0 0 3 43 25 2 73 

5  0 0 1 8 13 3 25 

Total  172 138 720 392 51 5 1478 
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Table4b.3 Correlation coefficients (at subject level Pearson’s r and at site level the partial 
correlation coefficient) between the different plaque scoring methods 

*: p < 0.001 

 QLF-mQH Combi-mQH Blue-mQH 

Subject 
level 

Site  
level 

Subject 
level 

Site  
level 

Subject 
level 

Site  
level 

Combi-mQH 0.70* 0.50* - - - - 

Blue-mQH 0.50* 0.30* 0.66* 0.39* - - 

Clinical mQH 0.74* 0.48* 0.88* 0.70* 0.56* 0.26* 

 

Plaque scoring methods 

Table 4b.2 illustrates the correlation of the Clinical-mQH with the Combi-mQH. As shown in 
Table 4b.3, the accompanying correlation at a site level was high (r = 0.70, p<0.001). A high 
correlation was also found between these two plaque scoring methods at the subject level (r = 
0.88, p<0.001).  

Table 4b.4a shows a moderate correlation at site level between QLF-mQH and Clinical-mQH (r 
= 0.48, p<0.001). At a subject level, the correlation between these two values was significant 
and strong (r = 0.74, p< 0.001, Table 4b.3). A similar result was found between QLF-mQH and 
Combi-mQH at a site level (illustrated in Table 4b.4b, r = 0.50, p<0.001) as well as at a subject 
level (r = 0.70, p<0.001). A weak correlation was found between QLF-mQH and Blue-mQH at a 
site level (Table 4b.4c, r = 0.30, p<0.001) with a moderate correlation at a subject level (r = 
0.50, p<0.001).  

The correlation between Blue-mQH and Clinical-mQH was weak at a site level (r = 0.26 
p<0.001) and moderate at subject level (r = 0.56, p<0.001). Similar correlations were found 
between Blue-mQH and Combi-mQH (at site level r = 0.39, p<0.001; at subject level r = 0.66, 
p<0.001).  

All correlation coefficients between the different plaque scoring methods (Table 4b.3) 
consistently showed numerically greater correlations at a subject level than at a site level.  
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Plaque scoring methods 

Table 4b.2 illustrates the correlation of the Clinical-mQH with the Combi-mQH. As shown in 
Table 4b.3, the accompanying correlation at a site level was high (r = 0.70, p<0.001). A high 
correlation was also found between these two plaque scoring methods at the subject level (r = 
0.88, p<0.001).  

Table 4b.4a shows a moderate correlation at site level between QLF-mQH and Clinical-mQH (r 
= 0.48, p<0.001). At a subject level, the correlation between these two values was significant 
and strong (r = 0.74, p< 0.001, Table 4b.3). A similar result was found between QLF-mQH and 
Combi-mQH at a site level (illustrated in Table 4b.4b, r = 0.50, p<0.001) as well as at a subject 
level (r = 0.70, p<0.001). A weak correlation was found between QLF-mQH and Blue-mQH at a 
site level (Table 4b.4c, r = 0.30, p<0.001) with a moderate correlation at a subject level (r = 
0.50, p<0.001).  

The correlation between Blue-mQH and Clinical-mQH was weak at a site level (r = 0.26 
p<0.001) and moderate at subject level (r = 0.56, p<0.001). Similar correlations were found 
between Blue-mQH and Combi-mQH (at site level r = 0.39, p<0.001; at subject level r = 0.66, 
p<0.001).  

All correlation coefficients between the different plaque scoring methods (Table 4b.3) 
consistently showed numerically greater correlations at a subject level than at a site level.  
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Table 4b.4 (a, b, c) Cross-tables visualizing the level of agreement between red fluorescing 
plaque (QLF-mQH) and the other plaque scoring methods at a site level. The grey boxes in the 
tables show the value gradients. 

a. Clinical-mQH Total 

QLF- 
mQH 

 0 1 2 3 4 5  

0  163 123 398 125 12 0 821 

1  8 13 216 89 10 1 337 

2  1 2 92 120 14 0 229 

3  0 0 14 56 14 2 86 

4  0 0 0 2 1 1 4 

5  0 0 0 0 0 1 1 

Total  172 138 720 392 51 5 1478 

 

b. Combi-mQH Total 

QLF- 
mQH 

 0 1 2 3 4 5  

0  165 200 320 116 19 1 821 

1  18 42 147 108 16 6 337 

2  4 5 80 117 17 6 229 

3  2 1 2 52 20 9 86 

4  0 0 0 1 1 2 4 

5  0 0 0 0 0 1 1 

Total  189 248 549 394 73 25 1478 

 

c. Blue-mQH Total 

QLF- 
mQH 

 0 1 2 3 4 5  

0  556 182 83 0 0 0 821 

1  210 67 58 2 0 0 337 

2  99 43 80 7 0 0 229 

3  31 19 24 12 0 0 86 

4  2 1 0 0 1 0 4 

5  0 0 0 1 0 0 1 

Total  898 312 245 22 1 0 1478 
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Bleeding scores  

The Mann-Whitney U test showed that the plaque scores Clinical-mQH, QLF-mQH and Combi-
mQH were significantly higher at bleeding sites than at non-bleeding sites (Table 4b.5). For the 
Blue-mQH, no differences were found in blue plaque at bleeding sites compared with blue 
plaque at non-bleeding sites. 

 

Table 4b.5 Bleeding and non-bleeding sites in relation to plaque scores (Mann-Whitney U 
test), *: p < 0.001, ♦: p=0.57 

 Average rank Z-score 

QLF-mQH no bleeding 326 
-5,54* 

bleeding 405 

Combi-mQH no bleeding 328 
-4.92* 

bleeding 403 

Blue-mQH no bleeding 374 
-0.57♦  

bleeding 366 

Clinical mQH no bleeding 338 
-4.09* 

bleeding 398 
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DISCUSSION 

In this study, the plaque scores on photographs showed a strong correlation with the clinical 
plaque scores of the matching surfaces at both the subject and site levels. This suggests that 
future clinical studies could use photographs to obtain an indication of the oral hygiene of the 
anterior teeth and to perform assessments by multiple examiners at a convenient moment, 
which could enhance the efficiency of a clinical study. The anterior teeth were studied for 
which it is relatively easy to obtain a good view at the buccal aspect from cuspid to cuspid in 
the upper and lower jaw with one single photograph. This selection of teeth can provide an 
indication of the oral hygiene at the full-mouth level.  

Between red fluorescent dental plaque and the combined blue and pink disclosed plaque, 
moderate (site level) to strong (subject level) correlations were found upon clinical assessment 
and study of photographs. The plaque scores on the QLF-photographs were overall lower 
when compared with those of the combined blue and pink disclosed plaque, at subject and 
site levels. The mQH index used for retrieving these plaque scores was originally developed to 
describe the extent of surface coverage of plaque from the gingiva towards the incisal edges of 
the teeth and divides the vestibular and lingual surfaces into three areas. The mQH scoring 
system was applied in this study in a clinical situation. Therefore, a two-tone disclosing agent 
was used with a presumed discriminatory property to differentiate between ‘new’ and ‘old’ 
plaque according to the manufacturer. The exact mechanism of action of the dye is not 
known, but it is reportedly related to the pH and the thickness of the plaque biofilm (Gallagher 
and Cutress, 1977). The pink component of the dye adheres to all plaque that is present, 
whereas the blue component adheres and diffuses more easily into denser/thicker plaque, 
clinically resulting in two distinctive colours of the plaque. This is in contrast with the 
disclosing agent erythrosine, which stains all present plaque red (Paraskevas et al., 2005).  

A weak (site level) to moderate (subject level) correlation was found between red fluorescent 
plaque and blue disclosed plaque. Both in the fluorescent plaque scores and in the blue 
disclosed plaque scores, the high plaque scores (scores 4 and 5) were underrepresented, 
which suggests that the scores are skewed towards ‘old’ plaque. Although blue stained plaque 
is assumed to be older (Block et al., 1972, Katayama et al., 1975), no clear conclusion can be 
drawn regarding the exact nature of ‘blue’ disclosed plaque. Red fluorescent plaque has been 
suggested to be matured plaque as well (Kim et al., 2014, Thomas et al., 2008, van der Veen et 
al., 2006), but its true nature could not be determined in this study design. However, the 
observed (weak to moderate) correlations between these two plaque scoring methods were 
not as expected.  

At inflamed sites as indicated by bleeding on marginal probing higher red fluorescent plaque 
scores as well as total disclosed plaque scores (both clinical and on photographs) were found. 
Such an association was not observed between gingival inflammation and the blue disclosed 
‘older’ plaque. This seems contradictory to what is generally accepted; dental plaque leads to 
gingival inflammation when it is present on the tooth surface for a longer period (Loe et al., 
1965). One determining factor in the development of gingival inflammation is patient 
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susceptibility towards the presence of dental plaque (Fransson et al., 1999, van der Velden et 
al., 1985). Furthermore the assumption that only old plaque causes gingival bleeding does not 
take the microbiological characteristics of the plaque biofilm into account. Studies relating oral 
plaque microbiota to gingival inflammation do exist, but these evaluate total plaque or saliva 
rather than the old and young portions of plaque separately (Huang et al., 2014, Lie et al., 
1995). A recent cross-sectional study in orally healthy participants has reported that the 
correlation between plaque and bleeding scores on average is low (Oliveira et al., 2015). These 
results could be explained by the assumption that bleeding on probing most likely represents 
the impact of the oral hygiene as performed over a longer period of time together with the 
immunological reaction on this hygiene level rather than being a reflection of the actual oral 
hygiene status. It can also be argued that blue disclosed plaque does not represent old plaque 
per se. This is supported by the absence of conclusive literature about the mechanism of 
action of two-tone dye (Block et al., 1972, Gallagher and Cutress, 1977, Katayama et al., 1975). 
Another influencing factor could be the relatively lower intra-examiner consistencies for 
scoring blue disclosed plaque compared, which indicates that it is more difficult to make an 
accurate assessment of the blue disclosed plaque. 

Environmental factors, such as nutrition, are known to have an effect on autofluorescence of 
bacteria and of in vitro formed biofilms (Lee et al., 2013, Volgenant et al., 2013). When 
gingivitis develops during a period of non-brushing, a change in the oral environment occurs. 
The association, which was found between gingival inflammation and red fluorescent plaque, 
could be related to these environmental changes. New studies, preferably in a clinical setting, 
are needed to determine the relationship between red fluorescence and environmental 
factors. Although the partial evaluation of the BOMP of the anterior teeth provides an 
indication of the situation in the whole mouth, future studies should investigate whether 
similar associations are found when premolar and molar teeth are also included in the 
assessment of the inflammatory periodontal condition. 

Overnight plaque development is representative for people who perform oral hygiene twice 
daily, resulting in 12 hours of plaque accumulation. The participants in the present study were 
preselected ‘heavy’ plaque formers (Simonsson et al., 1987) and were able to form a 
substantial amount of dental plaque overnight. These specific participants were selected 
because this study evaluated dental plaque indices for which participants with the full array of 
plaque scores (0-5) would contribute to a representative assessment of different plaque 
scoring methods. An adjustment in the exclusion criteria for the participants and a longer 
period of patient abstinence from oral hygiene habits could have influenced the study results. 
Similarly, the underrepresentation of sites with high plaque scores (mQH scores 4 and 5) could 
have influenced the study outcome.  

The relationship between red fluorescent dental plaque and ‘old’ plaque on natural teeth has 
not been looked into before. Coulthwaite et al. (2009) performed a clinical study on dentures 
in which they also used a two tone plaque disclosing solution. They reported smaller red 
fluorescent plaque coverage compared with the clinical scores of the blue and pink disclosed 
plaque combined. Their study indicated that red fluorescent plaque is related to matured 
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DISCUSSION 
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plaque, although they did not correlate the blue disclosed plaque with the red fluorescent 
plaque. They observed no correlation between the presence of red fluorescent plaque and the 
amount of total disclosed plaque area on dentures. This could be the result of other 
characteristics and the composition of plaque in edentulous patients. They also used an earlier 
QLF-system (the QLF-CLIN system), which was not optimized for detecting red fluorescence. 
Due to the low contrast in red fluorescence on denture material, and the absence of red 
fluorescence from the denture material itself, the conclusions of this study are difficult to 
compare with studies on tooth enamel, such as the present study. 

An in situ study on bovine enamel (Raggio et al., 2010) reported a correlation between red 
fluorescent plaque and blue disclosed plaque, although the blue disclosed plaque covered a 
larger area on the enamel than did the red fluorescent plaque. These results are however 
difficult to compare with those of the present study because the in situ administration of the 
plaque dyes differs (dipping instead of rinsing). Compared to their fluorescence camera (Vista 
Proof, Dürr Dental, Germany), the QLF-D camera used in the present study was optimized to 
better detect red fluorescence. Therefore, the detection level for red fluorescence is lower in 
the QLF-D system in comparison to the earlier QLF devices and the fluorescence camera use in 
the studies of Pretty et al. (2005) and Raggio et al. (2010), respectively. This may have been 
one of the reasons for differences between these studies. 

Dental plaque forms gradually after cleaning of the tooth surfaces (Quirynen and van 
Steenberghe, 1989). Future research would therefore preferably comprise a longitudinal study 
to monitor the changes in the red fluorescence of plaque over time, which would then aid in a 
complete understanding of the correlation between the fluorescence and the matured plaque. 
The use of digitized photographs also allows the use of planimetric measurements of dental 
plaque as well as automatic plaque assessment. These assessments can be easily performed 
by lay people. 

CONCLUSION 

A strong correlation was found between the clinical plaque scores and the matching surfaces 
of the plaque scores on photographs. A moderate to strong correlation was found between 
the portion of red fluorescing plaque and total disclosed plaque, with total plaque scores that 
are consistently higher than red fluorescent plaque scores. Red fluorescent plaque and blue 
disclosed plaque showed similar scores, but the correlation between both was weak to 
moderate. Higher plaque scores were found at bleeding sites, except for blue disclosed 
plaque. Because no relationship was found between the blue disclosed ‘old’ plaque and 
BOMP, the interpretation of blue disclosed plaque as being old plaque can be called into 
question. Consequently, we can neither confirm nor reject the use of a fluorescence device to 
screen for matured dental plaque. 
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ABSTRACT  

Objective:  

To develop a reproducible subgingival microcosm biofilm model. 

Material and methods 

Subgingival plaque samples were collected from four deep pockets (PPD≥6mm) in each of 
seven periodontitis patients and from shallow pockets (PPD≤3mm) in two periodontally 
healthy donors. An active attachment model and a peptone medium (Thompson et. al) 
supplemented with 30% serum was used. Biofilms were harvested at 2 and 4 weeks. DNA of 
dead cells was blocked for amplification by propidium monoazide (PMA) treatment. 
Composition was analyzed using 16S rRNA gene amplicon pyrosequencing. Similarities 
between the biofilm samples were assessed by non-metric multidimensional scaling (n-MDS) 
using Bray-Curtis (BC) similarity index and similarity percentage analysis (SIMPER). Data from 
duplicate experiments, different biofilm sources and different biofilm age were compared. 

Results 

The n-MDS revealed a strong clustering by the inoculum source, the donor and their 
periodontal status. Statistically significant differences were found between the sources of 
inoculum (p=0.0001) and biofilm age (p=0.0016). Furthermore, periodontitis biofilms (P) were 
distinct in composition from health-derived biofilms (H) by genera: Porphyromonas (P=19%; 
H=0%), Filifactor (P=10%; H=0%), Anaeroglobus (P=3%; H=0%), Phocaeicola (P=1.5%; H=0%), 
Parvimonas (P=19%; H=14%), Fusobacterium (P=2%; H=26%), Peptostreptococcus (P=20%; 
H=30%), Veillonella (P=7%; H=8%) and 57 other genera.  

Similarity distances (BC) (mean 0.73, SD 0.15) and the Shannon diversity index (mean 2, SD 
0.2) revealed no differences between duplicate experiments (p=0.121). 

Conclusion 

This model allows reproducible production of complex subgingival microbial communities.  

 

Key words: biofilm, microcosm, subgingival, periodontitis  
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INTRODUCTION 

Oral microbial communities differ in composition according to specific environments such as 
the surfaces of the teeth, mucosa, gingiva and the tongue. These various habitats have been 
shown to harbor a distinctive microbiota by both microbiologic culturing and molecular 
biology based analyses. (Aas et al., 2005, Simon-Soro et al., 2013). With respect to tooth 
surfaces, the gingival margin delineates two different habitats, the supragingival and 
subgingival environment. The ecological conditions of these habitats differ greatly, leading to 
different microbial communities (Marsh and Devine, 2011). Both are colonized by 
polymicrobial complex biofilms, which in dentistry are termed ‘dental plaque’. Symbiotic 
microbiota covers the dental surfaces as a biofilm and thereby preventing the establishment 
of exogenous (and often pathogenic) species (Hajishengallis, 2015). On the other hand when 
dental plaque is not removed by means of proper daily oral hygiene in general dysbiosis will 
occur, resulting in an inflammatory reaction of the host, of which the first step is known as 
gingivitis. This inflammatory response to the accumulation of dental plaque has been observed 
in classical studies using a model in which periodontally healthy volunteers stop all oral 
hygiene measures for 2-3 weeks which results in a condition that is described as ‘experimental 
gingivitis’ (Kistler et al., 2013). In a susceptible individual, this established gingivitis may 
eventually progress to periodontitis, which is characterized by an inflammation that extends to 
the tooth supporting tissues and will result in breakdown of alveolar bone. The pathogenesis 
of this disease entity is multifactorial and complex (Knight et al., 2016). 

Following the loss of attachment between the gingiva and the tooth a pathological periodontal 
pocket is formed which by definition starts by 4 mm probing depth but can extend up to the 
apex of the tooth. The environmental niche of the periodontal pocket is ideal for the 
colonization and growth of especially anaerobic species. Depending on the extent of 
attachment loss, it has been reported that the mean dentogingival surface area among 
individuals with periodontitis ranges from 8 cm2 to 20 cm2 (Hujoel et al., 2001) representing an 
important subgingival area which can be colonized by specific biofilms. The prevalence of 
bacterial species associated with periodontitis (e.g. Porphyromonas gingivalis, Tannerella 
forsythia) is highly dependent on the probing pocket depth, although they have also been 
found in shallow pockets (<4 mm) (Riep et al., 2009, Griffen et al., 2012, Li et al., 2014). 

Over the last few years, advances in molecular biology based approaches for microbial 
identification e.g. high-throughput next generation sequencing technology, have modified and 
enhanced our understanding of the oral polymicrobial communities (Wade, 2011, 
Hajishengallis and Lamont, 2012). Next to the established periodontal pathogens, several non-
cultivable and fastidious species are now recognized as being associated with the onset and 
development of periodontitis, thus enlarging the group of ‘suspected periodontal pathogens’ 
(Griffen et al., 2012, Hajishengallis and Lamont, 2012, Bizzarro et al., 2016). However, to date, 
the specific role that the majority of these novel genera and species play in the initiation 
and/or progression of chronic periodontitis remains unknown. 
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In the light of the increasing knowledge on the subgingival communities, researching such 
novel microorganisms originating from these specific niches in a microcosm and dynamic 
biofilm will further contribute to the development of our understanding of the human oral 
microbiome. Microcosms are artificial, simplified ecosystems that are used to simulate the 
behavior of natural ecosystems under controlled conditions. Microcosm studies can be useful 
to determine the ecological role of key species and to study the effects of disturbance of the 
biofilm (Exterkate et al., 2010). These microbiological models provide the opportunity to study 
the potential virulence of possible pathogens, the interactions with each other and to test the 
effect of potential antimicrobials (Exterkate et al., 2010, Koopman et al., 2015). Currently most 
of the subgingival biofilm models are limited to pre-selected laboratory species (10-35 species) 
(Guggenheim et al., 2009, Soares et al., 2015, Eick et al., 2012) lacking the hundreds of species 
recently identified under dysbiotic condition of this subgingival ecosystem (Abusleme et al., 
2013, Camelo-Castillo et al., 2015b, Griffen et al., 2012, Bizzarro et al., 2016). Other studies 
have used subgingival dental plaque (Hope and Wilson, 2006, Shaddox et al., 2010, Thompson 
et al., 2015, Walker and Sedlacek, 2007)  and biofilms were analyzed by traditional methods. 

The aim of the present study was to develop a microcosm biofilm model of subgingival 
bacterial communities derived from periodontitis patients using next-generation sequencing 
techniques for compositional analysis. 

MATERIALS AND METHODS:  

Ethical approval of the protocol for subgingival plaque collection and experimental research 
was provided by the medical ethics committee of the VU University Medical Center 
Amsterdam (ref 2012/335).  

Selection of donors 

Patients referred to the Academic Centre for Dentistry Amsterdam (ACTA) for periodontal 
treatment were asked to participate as donors. The inclusion criteria were: patients diagnosed 
with periodontitis with at least 4 sites with probing pocket depth (PPD) ≥ 6 mm. Patients were 
excluded if they had used antibiotics or had received periodontal therapy within the previous 
3 months, or if they were using antimicrobial mouthwash. All participants had to sign an 
informed consent prior to the study. 

Subgingival plaque samples of patients diagnosed with periodontitis were collected from the 
four deepest sites (Timmerman et al., 2002, Mombelli et al., 1993).  

Subgingival plaque samples from periodontally healthy donors (Dutch Periodontal Screening 
Index; DPSI ≤ 1);  (Mantilla Gomez et al., 2001) were collected from the intracrevicular area 
from the right upper second molar to the right upper central incisor (first quadrant) and the 
left lower second molar to the left lower central incisor (third quadrant). 
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Sampling 

Selected sites were isolated with cotton rolls and supragingival plaque was carefully removed 
with a universal curette (Hu-Friedy, Chicago, USA) and discarded. Subgingival plaque samples 
were collected using a new and sterile Gracey curette.  

The procedure for harvesting the bacterial material for inocula from the deep periodontal 
pockets (≥ 6 mm) derived from patients having periodontitis was done prior to initial 
periodontal treatment, when local anesthetics were provided avoiding any discomfort to the 
patient. 

Samples from the four different sites of the same donor were pooled and then transferred to a 
vial containing 500 µl reduced transport fluid (RTF), placed on ice and immediately transported 
to the laboratory. To protect the bacterial cells from cryodamage, 500 µl of sterile 60% 
glycerol was added (Exterkate et al., 2010). Then, samples were briefly sonicated with 3 
pulsations (5 s) and vortexed for 10 s (Vibra Cell; Sonics & Materials Inc, Newtown, CT). 
Subsequently the samples were divided into 3 vials: two vials were used to duplicate the 
experiment (each of 450 µl) and one vial (100 µl) served to determine the composition of the 
inoculum. Samples were stored at –80 °C until use. 

Biofilm model and production of biofilms  

An active attachment biofilm model was used as previously described (Exterkate et al., 2010, 
Deng et al., 2009). In brief, 24-well polystyrene culture plates (Greiner Bio- One, Alphen a/d. 
Rijn, the Netherlands) were used. The lid of the plate was replaced by a custom-made 
stainless-steel lid, onto which 24 nylon clamps were fixed allowing for various substrata to be 
inserted. The clamps were positioned in such a way that the inserted substrata would fit into 
the wells of the culture plate. Since the substrata were positioned vertically, bacterial 
attachment plays a key role in this model. By transferring the lid with the substrata to a new 
plate, the medium could be refreshed. In this study, standardized glass disks (diameter 12 mm, 
Menzel, Braunschweig, Germany) were used as substratum. Each lid was assembled for 
triplicate biofilms of two donors for 2 and 4 week growth. The two middle columns of the 24 
well plates were kept with no substratum and were not used in order to preserve sufficient 
distance between the biofilms. After assembly the models were autoclaved  at 121°C. The 
duplicate experiment was operated at the same time but in a separate incubator.  

The biofilms were grown using a basal liquid medium supplemented with Bacto proteose 
peptone (Thompson et al., 2015). This medium was chosen as the primary nitrogen source for 
the base medium because the wide range of peptide sizes makes it suitable for the culture of 
fastidious bacteria. The medium contained 0.25% pig gastric mucin (Sigma M-2378), 0.07% 
Bacto proteose peptone (Difco 0118-01-8), 0.1 mol/l potassium phosphate buffer (K2HPO4), 
0.3% trypticase peptone (BBL 211921), 0.5% yeast extract (Bacto 212750), 0.25% KCl, 0.001% 
hemin (Sigma H-1652), 0.0001% menadione, 0.05% cysteine hydrochloride, 1 mmol/l lysine, 1 
mmol/l glycine, 1 mmol/l urea, 5 mmol/l arginine. Serum was considered as an important 
component of the subgingival domain, because gingival crevicular fluid contains proteins 
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In the light of the increasing knowledge on the subgingival communities, researching such 
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found in blood, e.g. albumin (Tew et al., 1985). The original peptone based  (Thompson et al., 
2015) contains 10% heat-inactivated fetal horse serum. On the other hand, the use of 50% of 
heat-inactivated human serum improves the stability of the biofilms resulting in significantly 
thicker biofilms (Ammann et al., 2012). Because the optimal serum concentration was unclear 
‘a priori’, a pilot experiment was performed in order to test 10%, 30% and 50% of heat-
inactivated fetal bovine serum (FBS). Results were analyzed with real time PCR (Bizzarro et al., 
2013). Porphyromonas gingivialis, Tannerella forsythia and Parvimonas micra established in all 
three biofilms regardless of the serum concentration. Aggregatibacter 
actinomycetemcomitans grew with 30% serum, but not with 10% or 50% serum, whereas 
Fusobacterium nucleatum and Prevotella intermedia did not grow under the condition of 50% 
serum. On the other hand, Treponema denticola established only under a high serum 
concentration (50%). Apparently, the concentration of serum is critical for the growth of the 
various individual species. Therefore, based on the results of the pilot experiment, this 
medium (Thompson et al., 2015) was modified by adding 30% of FBS (F4135, Sigma-Alddrich 
Chemie, US) since this concentration promoted growth of most of the species tested. 
Moreover, it has been reported that in vivo the gingival crevicular fluid contains up to 35% of 
the albumin found in serum (Tew et al., 1985). 

Immediately after the inocula were defrosted, the inoculation medium was prepared using 
subgingival dental plaque in a ratio of 1:27 (450 µl of suspension in 12 ml of medium). The 
models were subsequently incubated anaerobically (10% CO2, 10% H2 and 80% N2) for 24 h at 
37°C. After this initial inoculation period, the lids were transferred to new 24-well plates 
containing sterile fresh medium. Medium was refreshed every 3.5 days, with a total biofilm 
growth period of 4 weeks.  

Harvesting  

Biofilms were harvested at two weeks (2w) and four weeks (4w). The glass disks with biofilms 
were removed from the lid and transferred into 2 ml sterile phosphate-buffered saline (PBS) 
and kept on ice. All visible biofilms were dispersed by sonication for 2 min at 1 second 
pulsations at the amplitude of 40 W and vortexed for 30 seconds. 
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PMA treatment of dispersed biofilms 

To assure that only DNA from the cells with intact membranes (undamaged cells) was 
processed for sequencing, the dispersed biofilms were treated with propidium monoazide 
(PMA) immediately after harvesting (Exterkate et al., 2014). A total of 1 mg PMA (Biotum Inc., 
Hayward, Calif., USA) was dissolved in 100 μl 20% dimethyl sulfoxide. Approximately 2.5 μl 
PMA was added to 500 μl of suspended biofilm, incubated in the dark for 5 min and then 
exposed to intense light for 2 min using a 650 W halogen lamp placed 25 cm from the samples. 
During this procedure the samples were kept on ice (Nocker et al., 2006). 

The inocula from the donors were not treated with PMA, which implies that all 16S rDNA was 
sequenced including DNA from dead or damaged bacterial cells. 

Assessment of microbial composition 

DNA extraction, amplicon preparation and sequencing data analysis 

DNA was extracted from the inocula and PMA treated biofilms (Crielaard et al., 2011). 
Barcoded amplicon libraries of the small subunit ribosomal RNA gene hypervariable region V5–
V7 were generated for each of the individual samples, pooled and sequenced using Genome 
Sequencer FLX Titanium system (Roche, Basel, Switzerland) (Koopman et al., 2015). The 
sequencing data was processed using Quantitative Insights Into Microbial Ecology (QIIME) 
(Caporaso et al., 2010) version 1.5.0 as described previously (Koopman et al., 2015). 

To allow comparisons among different samples with the inocula and between the groups the 
dataset containing Operational Taxonomic Units (OTUs) was randomly subsampled at 750 
reads per sample based on the second lowest number of reads/sample and on rarefaction 
curves of the samples (data not shown). 

The Shannon diversity index was calculated, which takes into account the abundance of each 
OTU, as well as the number of OTUs, using PAST software version 3.0 (Hammer Ø, 2001 ). 

Reproducibility of all biofilms was analyzed using the hierarchical classical cluster analysis 
based on the Bray-Curtis similarity index. The Bray-Curtis coefficients were calculated between 
all pairs of samples to compare similarities within groups and to compare 2w and 4w biofilms 
from each donor. The Dissimilarity percentage (SIMPER) was used to identify the OTUs with 
the highest contribution to dissimilarity between the 2w- and 4w outcomes per donor. 

Taxonomy of the representative sequences of the most abundant OTUs was identified by 
microbial nucleotide BLAST search against Human Oral Microbiome Database (HOMD) 
reference set (version 13.2). When the highest percentage of identification matched with 
more than one sequence, the possible alternatives for the OTUs identification were then 
provided. This was the case for OTU 89; Streptococcus sp (99.2% sequence identity) and for 
OTU 10; Gemella (99.5% sequence identity) (see table 5.1 at the supplementary data). 
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Nonmetric multidimensional plots (n-MDS) were used based on the Bray-Curtis coefficient to 
visualize similarity between samples.  All calculations were performed using PAST software 
version 3.0 (Hammer Ø, 2001 ).  

Statistical analysis 

The non-metric multidimensional plots (n-MDS) (Clarke, 1993) based on the three-dimensional 
Bray-Curtis coefficient similarities (BC) were used to visualize similarities among donors and 
comparisons between 2w and 4w. Stress <0.2 (Kruskal’s stress formula 1) was used as an 
acceptable threshold (Clarke and Ainsworth, 1993). One-way permutational multivariate 
analysis of variance (PERMANOVA) was used to test the differences in bacterial composition 
between biofilm age (2w and 4w), between inocula source and among donors. The p-values 
were corrected for multiple comparisons using Bonferroni correction. Calculations were 
performed using PAST software. 

Triplicate biofilms led to 3 BC pair comparisons (BC-pairs) per group. To assess the differences 
between duplicate experiments per age group, the mean of all BC-pairs from 6 replicates 
(experiment 1 and 2) was calculated per donor and tested using Paired sample T-test (IBM 
SPSS version 20). The difference between the duplicate experiments was not statistically 
significant (p-value 0.509). Therefore, when the difference between biofilm age was assessed 
(2w and 4w), the mean BC-pairs from six replicates was used (regardless of the experiment, 
either 1 or 2) per donor and tested using Paired sample T-test. 

RESULTS 

Seven patients having periodontitis and two periodontally healthy individuals participated as 
donors of subgingival dental plaque (table 5.1).  From 284 operational taxonomic units (OTUs) 
identified from the inocula of all donors, 126 OTUs established in the microcosm biofilms, 
ranging between 47 - 75 OTUs (avg 61, SD 8.2) per biofilm. The relative abundance of genera 
in the inocula showed a large variation among seven donors who were periodontitis patients 
as well as between two donors who were periodontally healthy (Fig.5.1).  

In biofilms grown from these inocula, the non-metric multidimensional scaling plot (n-MDS) on 
composition data showed a strong clustering by donor visualized by different colours as shown 
in figure 5.2. Moreover, this analysis revealed that healthy donor-derived biofilms (triangles) 
and periodontitis-derived biofilms (dots) clustered evidently apart from each other revealing 
statistically significant differences among the periodontitis- and health-derived biofilms 
(PERMANOVA p=0.0001, F=25.7). 

When a comparison among all donors was performed regardless of the inoculum source, the 
differences among donor sources were statistically significant at 2w (PERMANOVA p=0.0001, 
F=14) and 4w (PERMANOVA p=0.0001, F=18).  

In addition, n-MDS was used to assess the similarities between 2w, 4w and among donors (Fig. 
5.2). Pairwise comparisons between 2w (filled symbols) and 4w (empty symbols) 
demonstrated statistically significant differences in bacterial composition (PERMANOVA 
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p=0.001, F=4). The total average dissimilarity between 2w and 4w was 54% (SIMPER). The 
differences between 2w and 4w reflect the changes in composition between these two time 
points. BC similarities between 2w and 4w per donor showed some variability that ranged 
from 0.4 (SD 0.1) in donor 5 to 0.7 (SD 0.1) in donor 6 (table 5.2). 

Reproducibility of all biofilms was analyzed using the hierarchical classical cluster analysis 
based on the Bray-Curtis similarity index (BC). This analysis showed high reproducibility of the 
6 replicates which mostly clustered together according to the donor (supplementary data, Fig. 
5.1) regardless of the experiment, being either 1 or 2. However, periodontitis derived biofilms 
clustered clearly together according to the donor whereas the health-derived biofilms (donor 
8 and 9) were less reproducible. This could be attributed to the observation that during the 
first 2 weeks of growth, parts of the biofilm prematurely detached. This phenomenon was 
observed only for 2 biofilms out of 108, both belonging to health-derived biofilms (donor 9). 

Bray-Curtis similarity index  (BC) between the duplicate experiments (1 and 2) ranged from 0.5 
(donor 9 at 2w) to 0.9 (donor 5 at 2w and donor 1 at 4w), average among donors of 0.73 (SD 
0.1) (table 5.2). On figure 5.3, all replicates (n=6) for two donors (3 and 5) are presented, 
including those from experiment 1 (3 replicates) and experiment 2 (3 replicates). There were 
no significant differences (p = 0.121) in relative abundance of major genera among these 
duplicate experiments.. 

Differences among the replicates from experiment 1 and experiment 2 either at 2w or at 4w 
biofilms (table 5.3) were not statistically significant (p>0.05). Also the Shannon diversity index 
(mean 2, SD 0.2) revealed no differences between duplicate experiments (p= 0.121); see table 
5.3. 

Analysis of the bacterial composition of the biofilms was done at  genus level - the OTUs were 
classified to genus or a higher taxon. Figure 5.3 shows the relative abundance of major genera 
of two donors (3 and 5). All replicates from 2 and 4 weeks biofilms are presented. Within 
donor 3, it can be observed that the differences between 2 weeks and 4 weeks are visually 
small, whereas this difference was more clear at donor 5. This observation was also confirmed 
quantitatively (table 5.2 and table 5.3). 
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Table 5.1. Descriptive clinical data from all donors 
Donor sex age DPSI* nr of teeth % BoP** nr pockets 

> 5 mm 

1 female 65 4 23 38 11 

2 female 57 4 24 60 21 

3 female  54 4 27 97 34 

4 female 39 4 29 55 18 

5 female  54 4 28 63 38 

6 male  52 4 25 95 64 

7 female 55 4 25 77 35 

8 male  50 1 28 n. d. 0 

9 female 35 1 27 n. d. 0 

*DPSI (Dutch Periodontal Screening Index); ** BoP (Bleeding on probing); n. d. not determined 

 

 

Figure 5.1 Relative abundance of major genera in the inocula (subgingival plaque) per donor. 
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Figure 5.2. Non-metric multidimensional scaling (nmMDS) based on Bray-Curtis similarity index. Each 
color represents a different donor. Dots represent periodontitis-derived biofilms (P) and triangles healthy 
subject-derived biofilms (H). 2 week – old biofilms (2w) are filled shapes and 4 week – old biofilms (4w) 
empty shapes. The difference between 2w and 4w was statistically significant (PERMANOVA: p=0.001, 
stress=0.11, F=4). Pairwise comparisons between different inocula source (P and H) revealed statistically 
significant differences between biofilms (PERMANOVA: p=0.0001, stress=0.11, F=25.7) with a total 
average dissimilarly of 64% (SIMPER). 
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Table 5.1. Descriptive clinical data from all donors 
Donor sex age DPSI* nr of teeth % BoP** nr pockets 

> 5 mm 

1 female 65 4 23 38 11 

2 female 57 4 24 60 21 

3 female  54 4 27 97 34 

4 female 39 4 29 55 18 

5 female  54 4 28 63 38 

6 male  52 4 25 95 64 

7 female 55 4 25 77 35 

8 male  50 1 28 n. d. 0 

9 female 35 1 27 n. d. 0 

*DPSI (Dutch Periodontal Screening Index); ** BoP (Bleeding on probing); n. d. not determined 

 

 

Figure 5.1 Relative abundance of major genera in the inocula (subgingival plaque) per donor. 
  

Microcosm biofilm model of subgingival communities 

95 

 

 

 

Figure 5.2. Non-metric multidimensional scaling (nmMDS) based on Bray-Curtis similarity index. Each 
color represents a different donor. Dots represent periodontitis-derived biofilms (P) and triangles healthy 
subject-derived biofilms (H). 2 week – old biofilms (2w) are filled shapes and 4 week – old biofilms (4w) 
empty shapes. The difference between 2w and 4w was statistically significant (PERMANOVA: p=0.001, 
stress=0.11, F=4). Pairwise comparisons between different inocula source (P and H) revealed statistically 
significant differences between biofilms (PERMANOVA: p=0.0001, stress=0.11, F=25.7) with a total 
average dissimilarly of 64% (SIMPER). 
  



Chapter 5 

96 
 

 

 

Figure 5.3 Relative abundance of major genera of all biofilms (6 replicates from duplicate experiments 
and two time points; 2 weeks and 4 weeks) from donor 3 and 5. 
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Figure 5.4 Relative abundance of major genera at 2 weeks (2w) and 4 weeks (4w) of microcosm biofilm 
growth (data shown represent median of triplicate biofilms) per individual donor.  
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Figure 5.4 Relative abundance of major genera at 2 weeks (2w) and 4 weeks (4w) of microcosm biofilm 
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Supplementary data. Figure.5.1 Hierarchical classical cluster analysis based on the Bray-Curtis similarity 
index of all biofilms replicates. Numbers represent the donor (black = Periodontitis derived-biofilms; red 
= health-derived biofilms). 
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Table 5.2 Reproducibility of duplicate experiments based on Bray Curtis similarity (BC) among 
biofilms. Data from experiment 1 (exp. 1 ) and experiment 2 (exp. 2) are expressed as the 
mean (SD, standard deviation) of 9 BC pair comparisons from 3 replicates (ⱡ= two biofilms 
were lost). Differences among the replicates from exp. 1 and exp. 2 at 2w and 4w biofilms 
were not significant  (p-value >0.05, paired sample T-test). 

Donor Bray Curtis similarity index 

 exp. 1 vs exp. 2 2w vs 4w* 

 2w 4w 

1 0.7 (0.12) 0.9 ⱡ (0.03) 0.7 (0.1) 

2 0.6 (0.11) 0.7 (0.06) 0.6 (0.1) 

3 0.8 (0.05) 0.8 (0.07) 0.6 (0.1) 

4 0.8 (0.07) 0.7 (0.10) 0.7 (0.1) 

5 0.9 (0.04) 0.8 (0.08) 0.4 (0.1) 

6 0.8 (0.06) 0.8 (0.04) 0.7 (0.1) 

7 0.8 (0.09) 0.7 (0.13) 0.7 (0.1) 

8 0.6 (0.07) 0.6 (0.17) 0.5 (0.1) 

9 0.5 (0.41) 0.6 ⱡ (0.14) 0.5 (0.2) 

*Data represent 36 BC pair comparisons (ⱡ 30 BC). 

 

Table 5.3 Shannon diversity index of the inoculum and biofilms. Data are expressed as the 
mean of 6 replicates per age group biofilm; SD, standard deviation; (ⱡ= two biofilms were lost). 

 Shannon diversity index 

Donor Inocula 2w 4w 

1 3.4 1.9 (0.2) 1.9 ⱡ (0.2) 

2 2.7 2.1 (0.2) 1.9 (0.1) 

3 3.1 2.4 (0.3) 2.4 (0.2) 

4 2.4 2.0 (0.1) 2.1 (0.1) 

5 2.9 2.0 (0.5) 1.9 (0.5) 

6 2.9 2.2 (0.1) 2.1 (0.1) 

7 1.9 1.8 (0.3) 1.8 (0.2) 

8 3.1 1.8 (0.2) 1.9 (0.1) 

9 3.7 1.6 (0.4) 1.5 ⱡ (0.5) 
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Supplementary data Table 5.1 Oral taxa targeted for 16SrRNA gene sequencing, identified using 
HOMD. Taxa that were at ≥0.2% of relative abundance of reads in the microcosm biofilms are 
presented. 

OTU Genera Closest phylogenetic relative in 
HOMD (%sequence identity) 

HOMD oral 
taxon 

Strain / Clone 

75 Peptostreptococcus Peptostreptococcus stomatis (100) 112 Strain.A21H2 

199 Parvimonas Parvimonas micra (100) 111 Strain.ATCC33270 

134 Porphyromonas Porphyromonas gingivalis (100) 619 Strain.DSM20709 

32 Filifactor Filifactor alocis (100) 539 Strain.ATCC35896 

233 Veillonella Veillonella dispar (100) 160 Strain.DSM20735 

142 Prevotella Prevotella oralis (100) 705 Strain.ATCC33269 

20 Clostridiales Fam xiii 
IS 

Eubacterium infirmum (100) 105 Strain.A35MT 

253 Anaeroglobus Anaeroglobus geminatus (98.9) 121 Clone.BB166 

21 Fusobacterium Fusobacterium nucleatum ss. Vincentii 
(99.7) 

200 Clone.R002 

207 Phocaeicola Bacteroidaceae sp. (100) 272 Clone.X083 

43 Mogibacterium Mogibacterium diversum (99.7) 593 Strain.ATCC700923 

81 Oribacterium Oribacterium sp. (100) 102 Clone.FB046 

152 Dialister Dialister invisus (100) 118 Clone.BS095 

23 Moryella Moryella sp. (93.8) 373 Clone.MCE9.173 

89 Streptococcus Streptococcus oralis (99.2) 707 Strain.ATCC35037 

89 Streptococcus Streptococcus sp. (99.2) 71 Clone.P4PA.13 

89 Streptococcus Streptococcus sp. (99.2) 70 Strain.Hans7A 

89 Streptococcus Streptococcus sp. (99.2) 70 Strain.Hans12F 

67 Solobacterium Solobacterium moorei (99.7) 678 Strain.AHP13983 

92 Peptoniphilus Peptoniphilus sp. (100) 836 Strain.F0141 

158 Uncl. Prevotellaceae Alloprevotella tannerae (99) 466 Strain.ATCC51259 

129 Tannerella Tannerella forsythia (100) 613 Strain.92A2 

126 Uncl. 
Enterococcaceae 

Enterococcus faecalis (100) 604 Strain.not listed 

261 Clostridiales Fam xiii 
Uncultured 

Peptostreptococcaceae sp. (100) 91 Clone.CK047 

118 Catonella Catonella morbi (99.7) 165 Strain.ATCC51271 

79 Campylobacter Campylobacter showae (100) 763 Strain.CCUG3054 

87 Actinomyces Enterobacter cancerogenus (99.7) 565 Strain.LMG2693 

10 Gemella Gemella haemolysans (99.5) 626 Strain.ATCC10379 

10 Gemella Gemella morbillorum (99.5) 46 Strain.ATCC27824 
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Biofilms were dominated by genus Peptostreptococcus. Genera Fusobacterium, Parvimonas, 
Dialister, Solobacterium, Mogibacterium, Anaeroglobus, unclassified Enterococcaceae, 
Clostridiales Fam. XIII IS, and Veillonella were present in all biofilms (Fig. 5.4). Genus Prevotella 
was present in all but one biofilm (donor 8). Individual biofilms per donor revealed that 
different genera, depending on the donor, accounted for the major dissimilarities (range 26%-
57%) with Porphyromonas, Peptostreptococcus, Parvimonas, Filifactor, Phocaeicola, Moryella 
being the most different between 2w and 4w. Some genera increased in proportions during 
these weeks e.g. Filifactor and Phocaeicola whereas others like Porphyromonas decreased 
(Fig.5.3 and Fig.5.4). 

In order to identify the most abundant genera at a strain level, we used the microbial 
nucleotide BLAST search. Taxa that were at ≥0.2% of relative abundance of reads in the 
biofilms (table 5.1 supplementary data) were identified as Peptostreptococcus stomatis (OTU 
75, human oral taxon (HOT) 112 99.2% ID); Fusobacterium nucleatum ss.vincentii (OTU 21; 
HOT 200, 99.7% ID); Parvimonas micra (OTU 199; HOT 111, 100% ID); Dialister invisus (OTU 
152; HOT 118, 100% ID), Solobacterium moorei (OTU 67; HOT 678, 99.7% ID), Mogibacterium 
diversum (OTU 43; HOT 593, 99,7%ID), Anaeroglobus geminatus (OTU 253; HOT121 , 98.4% ID) 
and Prevotella oralis (OTU 142; HOT 705, 99,7% ID) (supplementary data, table 5.1). 

Genus Porphyromonas (OTU 134), identified as Porphyromonas gingivalis (HOT 619, 100% ID), 
was detected in all inocula except in donor 9. Also it was established in all biofilms but those 
from donor 9. Genus Flifactor OTU 32, identified as Filifactor alocis (HOT 539, 100% ID), was 
detected and established in all periodontitis biofilms, except those from donors 4 and 7. 
Genera Tannerella, identified as Tannerella forsythia (OTU 129; HOT 613, 100% ID), 
Phocaeicola and Pseudoramibacter were detected in all inocula from periodontitis patients 
and established in most periodontitis biofilms. Genus Peptoniphilus was present only in the 
inocula from donors 2 and 7, and both were found in their respective biofilms.  

DISCUSSION 

Our primary aim was to develop a biofilm model of subgingival bacterial biofilm communities. 
Here we have shown a reproducible growth of complex microbial communities including 
recently, with periodontal disease associated bacteria, using a relatively simple and robust in 
vitro model. Importantly, we demonstrated that using our model led to different biofilm 
composition depending on the inoculum source. Statistically significant differences in bacterial 
composition were consistently found in biofilms among donors clearly reflecting the large 
variability in the subgingival microbial composition in vivo among both periodontitis patients 
and healthy donors (Li et al., 2014, Griffen et al., 2012, Bizzarro et al., 2016, Camelo-Castillo et 
al., 2015a, Camelo-Castillo et al., 2015b). 

In vitro biofilms models allow standardization for many parameters, increasing their 
reproducibility.  However, they may not fully reproduce the complexity found in vivo. All 
existing in vitro biofilm models have limitations (Sissons, 1997). Various in vitro subgingival 
biofilm models have been developed to study biofilm formation, structure and antimicrobial 
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susceptibility in case of periodontitis. Most of these models have used pre-selected bacterial 
species as inocula (Eick et al., 2013, Guggenheim et al., 2009, Mouratidou et al., 2011, Peyyala 
et al., 2011, Soares et al., 2015, Belibasakis and Thurnheer, 2014). However, co-culture 
biofilms comprising a few selected species poorly reflect the complexity of hundreds of 
different bacteria present in the subgingival domain (Marsh and Devine, 2011, Wade, 2013). 
Having considered that bacteria may depend for growth on signal interaction and metabolic 
cooperation with other bacteria within the biofilm community that they inhabit (Marsh, 2005), 
in the present study no pre-selection of bacterial species was carried out but full subgingival 
dental plaque samples were used as inoculum source. A few previous studies have also taken 
up the challenge of using subgingival dental plaque derived from periodontitis pockets as 
inocula (Hope and Wilson, 2006, Shaddox et al., 2010, Thompson et al., 2015, Walker and 
Sedlacek, 2007). Although these studies have contributed greatly to our understanding of 
subgingival dental plaque formation, only two models have taken into account the importance 
of the donor source (Walker and Sedlacek, 2007, Thompson et al., 2015). Walker and Sedlacek 
(Walker and Sedlacek, 2007) included different donors. These authors reported that when 
subgingival dental plaque was combined with unstimulated saliva from the same donor, 
biofilms were established more easily (10- to 100-fold more colony forming units) than when 
adding specific strains of individual species to pooled saliva-treated discs. Unfortunately the 
inoculum source was not considered for final analysis and samples from all donors were 
pooled together. A recent study (Thompson et al., 2015) described the microcosm 
composition from three donors from which the interpersonal differences were limited and not 
further investigated. 

Taking into consideration that recent clinical studies have found a great interpersonal 
variability in the composition of the subgingival microbiome of periodontitis patients (Bizzarro 
et al., 2016, Camelo-Castillo et al., 2015b, Camelo-Castillo et al., 2015a, Bizzarro et al., 2013), 
these findings endorse to studying microcosms relative to interpersonal variability. 
Interestingly, recent evidence derived from a cross-sectional study indicates that, despite the 
existence of interpersonal variability, increased inflammation (bleeding upon probing) at sites 
with periodontitis is associated with a more diverse subgingival microbiota and specific 
changes in the bacterial composition (Camelo-Castillo et al., 2015a). Patients with more severe 
levels of periodontal inflammation (BOP > 50% in sampled sites) showed a substantial 
decrease in bacterial load. These authors explained this particular finding as a possible dilution 
effect. Additionally, availability of nutrients derived from host-bacterial or inter-microbial 
interactions may have contributed to the bacterial composition. Arguably, the availability of 
nutrients at a niche is critical for bacterial growth. Therefore, at a site level it is conceivable 
that these growth conditions and nutrients availability within a periodontal pocket e.g. pH, Eh, 
bleeding probing, depth and geographical anatomic differences (e.g. furcations or angular 
bony defects) may play an important role in bacterial composition. This has been shown in 
earlier culture-based studies (Magnusson et al., 1984) and is beyond the scope of the current 
investigation.  
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The choice of growth conditions determines to a large extent the outcome of in vitro biofilm 
experiments (Guggenheim et al., 2009, ter Steeg and van der Hoeven, 1990, ter Steeg et al., 
1987, Simon-Soro et al., 2013, Thompson et al., 2015, Vartoukian et al., 2016). It is known that 
environmental conditions have a great impact on the type of bacteria and the ability to survive 
and replicate within a mutualistic complex (Marsh and Devine, 2011). Therefore, the nutrients 
used in the medium deserve some debate. The gingival crevicular fluid is continuously 
available at the subgingival habitat and its amount produced fluctuates with the periodontal 
disease severity (Ozkavaf et al., 2000). A major component of gingival crevicular fluid is serum, 
an important nutritional source for bacteria. Depending on the serum the medium growth can 
be promoted or inhibited for some bacterial strains (Guggenheim et al., 2009). Interestingly, in 
vitro, an increase of serum concentration results in increased biomass (thicker biofilms) 
(Ammann et al., 2012).  

It has also been reported that fastidious species such as Treponema denticola are difficult to 
grow and that growth in serum is likely to depend on many variables, among which bacterial 
interactions (ter Steeg and van der Hoeven, 1990). The recent successful isolation of a 
member of the phylum TM7 (He et al., 2015) has shown that the relationship between oral 
bacteria can be more intimate, with the demonstration that the TM7 organism isolated has an 
intracellular lifestyle, growing within the cells of another species. In the present study we did 
not succeed in growing Treponema species in the biofilm. 

The peptone-based medium used in the current study (Thompson et al., 2015) included amino 
acids that are likely to be available in the periodontal pocket such as cysteine, arginine and 
lysine. In this habitat, amino acids can also be made available by degrading protein substrates 
by other bacteria for nutritional support (Eley and Cox, 2003). Importantly arginine 
degradation favors increase of the pH that in turn counteracts the acidic conditions generated 
from carbohydrate fermentation in a polymicrobial biofilm (Koopman et al., 2015). Thus, the 
use of arginine in the growth medium contributes to maintaining the pH 8 used in our biofilm 
model during the incubation period. Besides the composition of the medium, also the 
frequency of medium refreshment may influence bacterial growth. Some authors have chosen 
for subgingival biofilms a medium refreshment at 16.5 h and then 24 h (Guggenheim et al., 
2009) and others between 24 and 48 h (Walker and Sedlacek, 2007, Thurnheer et al., 2016, 
Shaddox et al., 2010). Since no study compared different intervals of medium refreshments we 
have chosen a medium refreshment of 96 h based on the results from Thompson et al. 
(Thompson et al., 2015) because enabled the establishment of in vitro biofilms derived from 
subgingival plaque. 

In vitro subgingival biofilms derived from a periodontal pocket have been shown to achieve a 
steady-state (climax) at 10 days of growth (Shaddox et al., 2010). In vivo studies have shown 
that subgingival climax in biofilm formation was observed at 2 weeks on titanium implants 
(Quirynen et al., 2006). Therefore in this study an initial 2-week time point was chosen 
because it was of interest to apply this model in the future in microcosms derived from peri-
implantitis samples. A 4 week-time point was selected to evaluate whether slow growing 
bacteria might need more time to get established, which was not the case under the selected 
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Sedlacek, 2007). Although these studies have contributed greatly to our understanding of 
subgingival dental plaque formation, only two models have taken into account the importance 
of the donor source (Walker and Sedlacek, 2007, Thompson et al., 2015). Walker and Sedlacek 
(Walker and Sedlacek, 2007) included different donors. These authors reported that when 
subgingival dental plaque was combined with unstimulated saliva from the same donor, 
biofilms were established more easily (10- to 100-fold more colony forming units) than when 
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growth conditions. In vivo it has been demonstrated that the recolonization of a subgingival 
microbiota in deep periodontal pockets,  in the presence of supragingival plaque, occurs very 
fast, increasing the number of  bacteria (spirochetes and motile rods) (Magnusson et al., 
1984). In this study (Magnusson et al., 1984),  this increase was observed at 2, 4 up to 8 weeks. 
Therefore we have chosen 2-  and 4-week time points. 

In the present study that involved complex subgingival communities, 126 OTUs established in 
multi-species biofilms, ranging from –’47 - 75 OTUs per biofilm depending on the inoculum 
source. 158 OTUs which were detected in the initial inocula, were not detected in the biofilms 
derived from them, among those were genera Corynebacterium, Haemophilus, 
Aggregatibacter, Synergistaceae, Paludibacter, Treponema, Rothia, Neisseria, and Leptotrichia. 
It should be noted that not all of these were present in all donors. For instance, genus 
Aggregatibacter (OTU 131) was found only in the inocula from donors 2 and 4 at a low relative 
abundance of 0.3%. The growth conditions used in this study favored the growth of certain 
taxa, which were in low abundance in the inocula e.g. Peptostreptococcus, Porphyromonas, 
Parvimonas micra, Fusobacterium and Filifactor. 

When analyzing the microbial composition of the subgingival domain in periodontal pockets, 
studies have shown that in addition to the classical diseased associated bacteria 
(Porphyromonas gingivalis, Tannerella forsythia and Treponema denticola), other species such 
as F. alocis, Selenomonas, Synergistes, Desulfobulbus, Phocaeicola, Anaeroglobus, 
Mogibacterium, TM7 were found to be associated with disease (Dewhirst et al., 2010, Griffen 
et al., 2012, Lourenco et al., 2014, Camelo-Castillo et al., 2015b). Adolescents who present 
aggressive periodontitis had high prevalence of P. micra, F. alocis, A. actinomycetemcomitans, 
and Peptostreptococcus (Fine et al., 2013). Shaddox et al. (Shaddox et al., 2012) reported that 
in addition to A. actinomycetemcomitans, the species P. micra, Selenomonas moorei, T. 
forsythia, F. alocis and Capnocytophaga sp. were more prevalent in localized aggressive 
periodontitis than in healthy children. In the present study, the inocula derived from 7 adult 
periodontitis patients resulted in a reproducible subgingival disease-associated multispecies 
biofilm model including the above-mentioned species. 

Limitations 

An important aspect to be considered is that the inocula from the donors were not treated 
with PMA. At the day of inoculum processing and inoculation of the model this was technically 
not possible. After the experiment, the biofilms were PMA treated and stored for DNA 
analyses. At that stage, the inocula were mistakenly omitted from this procedure and directly 
processed for DNA extraction together with the stored and PMA-treated biofilm samples. This 
means that all DNA from inocula was sequenced, including the DNA from dead or damaged 
bacterial cells. Therefore, a direct comparison in composition cannot be made between the 
inocula and the microcosm biofilms. For future experiments the inocula should be PMA-
treated before the DNA processing. It may also be that viability of bacteria was lost during 
transport to the laboratory, or due to manipulation during the experiments (e.g. freezing and 
defrosting), or due to the selectivity of the growth conditions that were used. 
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When oral health status of the donor (health or disease) was taken into account, statistically 
significant difference (PERMANOVA p=0.0001, F=25.7) was observed between the 
periodontitis patients and the healthy subjects at 2w. It is important to realize that for 
standardization of the model, the biofilms derived from the inocula of periodontally healthy 
individuals (biofilms 8 and 9) where exposed to favorable growth conditions for periodontal 
pathogens. Consequently, after biofilm growth the composition may not be a true reflection of 
the healthy subgingival environment from their original source. It is also plausible that 
differences may also be a direct consequence of a different composition in the microbiota in 
healthy subjects. 

Taking into consideration that biofilms formed by our model depend on the donors, arguably 
this model is reproducible within each donor however among different donors it is likely not 
reproducible and comparable. 

Using this model will require careful inclusion criteria of the donors based on their oral health 
status. In this model only 4 deep periodontal pockets were sampled per donor resulting in 12 
replicate biofilms. It is possible to increase the number of samples per donor if, in the case of a 
donor diagnosed with untreated severe generalized periodontitis the full mouth subgingival 
sampling is performed. 

In order to be able to run multiple experiments under standard conditions it is required to 
collect samples beforehand. Although this might result some loss of species as, the model still 
shows a broad range of species that are able to attach and grow in the model. Nevertheless, 
the impact of sonication-based dispersal of bacterial and /or cryogenic storage of inoculum on 
fastidious organisms should be assessed in future investigations. 

Directions for future research 

The conventional approach of periodontitis treatment relies on the reduction of the bacterial 
load. Despite all efforts, some patients experience ongoing infection and inflammation. In such 
cases the alternative strategies can be beneficial. The in vitro model that is presented in this 
study can be used to compare and evaluate traditional antimicrobial therapeutics and novel 
ecology based strategies (Bizzarro et al., 2016). 

However, since biofilms established in this model are depending on the donors, the number of 
donors should be increased in order to increase the reproducibility between different tests of 
antimicrobials. This high-throughput active attachment biofilm model is easy to handle and 
thus offers the opportunity to test different conditions in multiple replicates. Another 
application could be to associate a particular community with biofilm structures, e.g. 
endodontic infections (van der Waal et al., 2015).Given the high diversity among 
microorganisms and inter-microbial and microbiome-host interactions, the current model is 
likely to help in unraveling the role of individual organisms or group-members and their 
pathogenic properties in subgingival biofilms. Future work in this direction might lead to 
refinement of antimicrobial strategies in periodontal therapy (Fernandez y Mostajo et al., 
2011). 
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In order to take host parameters into account, co-culture models have been developed in the 
past using relatively simple biofilms to trigger monolayers of epithelial cells (Guggenheim et 
al., 2009, Peyyala et al., 2011, Peyyala et al., 2013). A difficulty in these studies is that the host 
cells (e.g. epithelial cells) require an aerobic environment whereas the subgingival biofilms of 
dysbiotic communities (e.g. periodontitis), require an anaerobic environment. Therefore, a co-
culture model to assess inter-microbial interactions and host-microbial interactions remains as 
an important future challenge for in vitro periodontal biofilm models. Relating the 
inflammatory potential of the subgingival biofilm (e.g. cytokine production by fibroblasts) may 
provide an indication of how these microcosm biofilms relate to disease-associated dysbiosis 
in the oral cavity. 

CONCLUSION 

The model developed in this study is donor-associated and allows reproducible production of 
complex subgingival microbial communities. Bacterial composition of the biofilm was greatly 
influenced by inoculum source. 
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ABSTRACT 

In clinical periodontology it is common practice to sample subgingival plaque from 
periodontitis patients and to search for the presence of alleged periodontal pathogens by 
using routine laboratory techniques such as culturing, DNA-DNA hybridization or real time 
PCR. Usually, special attention is given to recognition of ‘red complex’ microorganisms and 
Aggregatibacter actinomycetemcomitans. 

Recently, molecular open-ended techniques have been introduced which are distinct from the 
more ‘classical’ approaches in that they do not preselect for certain species. The question was 
addressed to what extent the outcome of these techniques has changed our insight into the 
composition of the subgingival microbiota and whether this has consequences to clinical 
decision making. 

The open-ended approaches have shown that the composition of subgingival plaque is much 
more complex than previously thought. Next to the ‘classical’ putative periodontal pathogens 
several non-cultivable and fastidious species are now recognized as being associated with 
periodontitis, thus enlarging the group of suspected periodontal pathogens. We conclude that 
routine analyses of subgingival plaque in the clinic are not necessarily of benefit to the patient. 

Key words: Biofilm, microbiome, molecular diagnostic techniques, periodontal diseases 
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INTRODUCTION 

It is generally held that most chronic oral infections, such as gingivitis, periodontitis, caries, 
peri-implantitis, (denture) stomatitis and endodontic infections are caused by microorganisms 
residing in a polymicrobial biofilm (Costerton et al., 1995). Biofilms constitute a dynamic 
ecosystem (Kuboniwa and Lamont, 2010, Marsh et al., 2011), in which microorganisms 
influence each other by their products and signaling molecules as a result of which profound 
changes may occur in microbial physiology and behavior. The composition and properties of 
biofilms may change by environmental influences, such as diet (Baumgartner et al., 2009), oral 
hygiene (Magnusson et al., 1984) and smoking (Shchipkova et al., 2010). 

Studies of cultivable subgingival microbiota in periodontal patients over the last few decades 
(reviewed by (Teles et al., 2006, Shaddox and Walker, 2009, van Winkelhoff and Winkel, 2009) 
have shown that several species are potentially harmful to the periodontium. This insight has 
brought microbiologists in several countries to promote routine microbial analysis of 
subgingival samples to help the clinician in identifying periodontal pathogens and even in the 
selection of a proper antimicrobial therapy.  

Early studies (Listgarten, 1976, Loe et al., 1965, Page et al., 1997) have shown that the 
predominant bacteria from periodontally healthy sites belong to gram-positive facultative rods 
and cocci. In gingivitis and periodontitis these organisms decrease proportionally, while at the 
same time the proportions of gram-negative rods and spirochetes increase. As a major 
difference between health and disease, an increased proportion of members of the red 
complex (Tannerella forsythia, Porphyromonas gingivalis, and Treponema denticola is 
considered, (Haffajee et al., 2006, Ximenez-Fyvie et al., 2000).  

It is important to distinguish between colonization (carrier state) and infection. The presence 
of a pathogen per se does not necessarily indicate that it causes disease. An ecological 
disturbance has to occur in order to let pathogens achieve relative numerical dominance and 
clinical significance (Marsh and Martin, 2009). Once symbiotic balance between the host and 
the microorganisms residing in the subgingival domain is disturbed for whatever reason, 
periodontal disease may occur, even in small laboratory animals which have only been 
exposed to their indigenous microbiota (Beertsen et al., 2008). 

Microbial diagnostic techniques  

Microbial diagnostic techniques are under continuous development. Whereas culturing has 
provided considerable knowledge of the microorganisms associated with diseased states of 
the periodontium (Moore and Moore, 1994) and may also be helpful in assessing antimicrobial 
sensitivity (van Winkelhoff et al., 2005), this ‘classical’ approach is limited by the fact that it 
focuses on cultivable microorganisms and thus tends to provide an incomplete picture. More 
recently, the search of putative pathogens in oral biofilms has extended beyond cultivable 
bacteria to non-cultivable organisms (Paster et al., 2001) and even viruses (Slots and Slots, 
2011). Today, attention is increasingly being given to the microbiome: the ecological 
community of all commensal, symbiotic and pathogenic microorganisms that share our body 
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space (Lederberg, 2001, Wade, 2011). Recently it was shown that the human oral microbiome 
is highly diverse, consisting of approximately 19,000 phylotypes (Keijser et al., 2008). This huge 
number was detected by 454-pyrosequencing of saliva and plaque samples taken from 98 
periodontally healthy adults. A major proportion of bacterial sequences of unrelated healthy 
individuals were identical (Zaura et al., 2009), supporting the concept of a ‘core microbiome at 
health’ (the set of phylotypes shared by  healthy individuals). However, it is of interest that 
considerable variation was also found in supragingival and subgingival microbiota profiles from 
site to site in the same subject (Haffajee et al., 2009, Kamma et al., 1995, Teles et al., 2006, 
Zaura et al., 2009). Recent studies (reviewed by (Armitage, 2010) have shown that there are 
many other species than the currently recognized pathogens which are likely to be associated 
with periodontitis. At best these microorganisms can be considered as commensal 
opportunistic pathogens associated with periodontal infections (Armitage, 2010). 

After decades of focusing on bacteria in pure culture and a few bacterial complexes (Socransky 
et al., 1998) it becomes clear that, in order to manage them to our benefit, we need to 
understand how the microbiome operates in the dynamic ecosystem that the oral cavity 
provides. The interplay between the oral microbiome, the immune defense system and the 
prevention/treatment strategy followed by the dentist, defines the outcome: health, transition 
to disease or recovery from infection and inflammation. 

Aim 

The World Workshop in Periodontics (1996) focused on a small group of periodonto-
pathogenic species (1996), the ones that were detected by ‘classical’ detection methods like 
culturing and for which sufficient data had accumulated to consider them as potentially 
pathogenic. However, this focus on a small group has distracted our attention from other 
possible and perhaps equally important pathogens which are not readily isolated, cultured and 
identified (Armitage, 2010). In order to assess the extent to which the outcome of new 
molecular open-ended approaches change our insight into the composition of the subgingival 
microbiota or has consequences for clinical decision making we decided to undertake a review 
of current literature. 

MATERIAL AND METHODS 

Search strategy and outcome 

We searched the US National Library of Medicine database (MEDLINE-PubMed) for papers 
that used a molecular open-ended approach for subgingival microbial detection (i.e. 
identification of species without pre-selection). Techniques that were considered: 454-
pyrosequencing or cloning and sequencing of 16S rDNA using universal primers for PCR 
amplification.  

The search terms were: ("Molecular Diagnostic Techniques"[Mesh]) OR "Sequence 
Analysis"[Mesh]) AND "Periodontal Diseases / microbiology"[Mesh]) OR "Aggressive 
Periodontitis / microbiology"[Mesh]) OR "Chronic Periodontitis / microbiology"[Mesh]) OR 

Does analysis of subgingival microbiota contribute to patient benefit?  

113 

 

"Gingiva / microbiology"[Mesh]), up to March 1 2011. The search and title screening were 
conducted by WC and MF. Abstracts were screened by WC and EZ. The reference list of 
available primary studies was reviewed to identify additional relevant articles in order to 
supplement the search. 

The electronic search identified about 1,641 potential relevant titles. After screening of titles, 
80 studies were selected for abstract screening. Of these 8 met the criterion of an open-ended 
approach. From the manual search two other studies were detected and included. Data 
heterogeneity prevented quantitative analysis. Table 1 summarizes the main features of these 
studies. Since the definition of species is controversial, particularly when only molecular 
sequence data are available, the term phylotype was used (19, see legend of Table 1).  These 
studies, except two (Faveri et al., 2008, Shchipkova et al., 2010), lack a clear definition of 
clinical periodontal parameters and data were generated by a small number of research 
groups. The selected papers were heterogeneous with respect to clinical condition of the 
subjects, selection of sites analyzed and sampling procedures. All these studies included a 
relatively small number of subjects.  

A landmark study (Paster et al., 2001) identified 2,522 bacterial clones in subgingival samples 
from 31 subjects and revealed many novel species. The authors reported that the ‘classical’ 
periodontal pathogens were typically a minor component of the subgingival microbiota and 
documented that human subgingival plaque harbors several hundreds of bacterial species or 
phylotypes, the majority of which are non-cultivable. Similarly, 30% of novel species were 
identified in subgingival plaque of 26 subjects with generalized aggressive periodontitis (Hutter 
et al., 2003). This is the only study with an open-ended-approach that found P. gingivalis 
relatively dominant in disease. 

Gram-positive anaerobic species were more common in subjects with periodontitis than in 
healthy subjects (Kumar et al., 2005). Newly identified candidates outnumbered P. gingivalis 
and other species previously qualified as periodontopathogens. The diversity of the microbial 
community did not correlate with either periodontal health or disease, but the presence of 
Aggregatibacter actinomycetemcomitans was significantly associated with disease, as were 
Treponema socranskii and Pseudomonas spp. (Ledder et al., 2007). In an analysis of 10 patients 
suffering from generalized aggressive periodontitis, 57% of the clone (40 taxa) sequences 
represented phylotypes for which no cultivated isolates have been reported (Faveri et al., 
2008). The most prevalent were Selenomonas and Streptococcus species. The classical putative 
periodontal pathogens, such as A. Actinomycetemcomitans, were below the limit of detection.  
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Table 6.1 Subgingival microbiota in studies using an open-ended approach (cloning and 
sequencing) 

Reference Subjects (n) Recovered phylotypes* (n) 

(Kroes et al., 1999) Mild gingivitis (1) 
Phylotypes (59) 

(Paster et al., 2001) 
Healthy (5), Gingivitis (HIV-associated (2), 
Acute necrotizing ulcerative (4), 
Periodontitis (9), 
Refractory periodontitis (11) 

Phylotypes (347) 
29 Associated with disease 
40% newly detected 

(Hutter et al., 2003) Healthy (6),  

Generalized aggressive periodontitis (26) 

Phylotypes (148) 
Associated with disease: 
P. gingivalis, F. alocis,  T. socranskii 
D. pneumosintes 
30% newly detected 

(Kumar et al., 2005) Healthy (15), 

Moderate to severe periodontitis (15) 

Phylotypes (274) 
Associated with disease: P. micra, F. alocis, 
Clostridia, Deferribacteres 
60% uncultivable 

(Aas et al., 2005) Healthy (5) 
Phylotypes (47) 
60% uncultivable 

(Lillo et al., 2006) Localized severe periodontitis (2) 
Phylotypes (137) 
Associated with disease: 70% Firmicutes 
38 newly detected phylotypes 

(Ledder et al.,2007) Healthy (18), 

Chronic periodontitis (29) 

Associated with disease:  
A. actinomycetemcomitans, T. socranskii, 
Pseudomonas 

(Aas et al., 2007) HIV+ subjects 

Gingivitis (5), Periodontitis (8), 

Localized gingival erythema (1) 

Phylotypes (109) 
Associated with disease: Gemella, Dialister, 
Streptococcus,  Veillonella 
42% uncultivable  

(Faveri et al., 2008) Generalized aggressive periodontitis (10) 
Phylotypes (110) 
Associated with disease: Selenomonas, 
Streptococcus  
57% uncultivable 

(Shchipkova et al., 
2010) 

Generalized chronic periodontitis 
Smokers (15) 
Never-smokers (15)   

Phylotypes (176 in never smokers and 197 in 
smokers) 
Associated with disease: 
Streptococcus, Selenomonas (never  smokers) 
P. micra, C. gracilis (smokers) 
39 - 44% uncultivable 

*Phylotype is a taxon-neutral term to describe sequences or their clusters at predetermined similarity 
level obtained by culture-independent molecular methods  
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The lack of consistent association with disease for the putative periodontal pathogens P. 
gingivalis, T. forsythia and T. denticola does of course not prove that these species are 
unimportant to periodontitis. Further, it remains to be established that newly identified 
microorganisms like Filifactor alocis (Dahlen and Leonhardt, 2006, Hutter et al., 2003, Kumar 
et al., 2003, Kumar et al., 2005, Schlafer et al., Shchipkova et al., Colombo et al., 2009, Tanner 
et al., 2006), Dialister Pneumosintes (Aas et al., 2007, Ghayoumi et al., 2002, Hutter et al., 
2003, Doan et al., 2000, Contreras et al., 2000, Colombo et al., 2009) , TM7 (Brinig et al., 2003, 
Kumar et al., 2003, Ouverney et al., 2003) Archaea (Kulik et al., 2001, Lepp et al., 2004, Li et al., 
2009, Vianna et al., 2008, Yamabe et al., 2008) and Campylobacter gracilis (Shchipkova et al., 
2010, Colombo et al., 2009) - organisms that are found in association with periodontitis - do 
really cause periodontitis. Further, it was noticed that there is considerable variety in bacterial 
composition in the subgingival domain among the studies that use an open-ended approach. A 
possible reason for this may be the use of varying PCR primer sets (de Lillo et al., 2006). 

What becomes apparent from the studies summarized in Table 6.1 is that a substantial 40-60% 
of the subgingival microbiota had not been identified previously. These percentages are in 
agreement with DEWHIRST et al. (Dewhirst et al., 2010) who analyzed about 34,753 oral 
clones of 16S rRNA sequences in order to provide a set of reference 16S rRNA gene sequences 
to construct the Human Oral Microbiome Database (http://www.homd.org). So far, open-
ended approaches tend to indicate that the more ‘classical’ approaches (e.g. culturing, real 
time PCR and DNA-DNA checkerboard analysis) are incomplete in the identification of 
potential periodontal pathogens. 

Antibiotics 

In order to treat bacterial infections, antibiotics are widely used in medicine. Also in 
periodontal patients prescription of antibiotics is nowadays more and more considered as a 
treatment option. However, many workers in the field (Rosenberg et al., 1993, Shaddox and 
Walker, 2009, Teles et al., 2006, van Winkelhoff and Winkel, 2005, van Winkelhoff and Winkel, 
2009, Zambon, 1997, Slots and Ting, 2002, Walker and Karpinia, 2002, Herrera et al., 2008) 
have emphasized the necessity to limit the use of antibiotics, in order to prevent as much as 
possible the development of bacterial resistance. Generally speaking, antibiotics should be 
prescribed preferably on the basis of a microbiological diagnosis. In this respect some authors 
regard identification of alleged periodontal pathogens a valuable adjunct (Listgarten and 
Loomer, 2003, Sanz et al., 2004, Shaddox and Walker, 2009, Teles et al., 2006, van Winkelhoff 
and Winkel, 2009). Recently, it was concluded (Shaddox and Walker, 2009) that: “microbial 
testing may provide some guidance in choosing a specific antibiotic agent, mainly in 
periodontal cases that do not respond to initial periodontal therapy or to previously used 
antibiotics. However, most evidence that supports the use of these tests is based on case 
reports.” We think that we should go one step further: based on current microbiological 
evidence, there is a multitude of potential pathogens in the subgingival domain that cannot be 
identified by routine analysis. Thus, if antibiotics are indeed to be used, a more realistic 
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approach would be to combat periodontal microbiota by using broad-spectrum antibiotics 
(Mombelli et al., 2011). 

Implementation of microbiological screening has been suggested as preventive measure in 
order to reduce the risk of periodontitis in adolescents (e.g. those with a Moroccan 
background). However, as stated by MOMBELLI et al. (Mombelli et al., 2010), “until an 
interventional study identifies a superior therapeutic decision other than amoxicillin and 
metronidazole in A. Actinomycetemcomitans (JP2-positive cases), the utility of such a test 
remains hypothetical. The same principle holds true for any other member of the subgingival 
microbiota  and any other form of periodontitis”. Laboratory testing is in fact only meaningful 
when the acquired information helps to direct therapeutic measures and when it assists in 
providing optimal therapy. As it was also underlined before (Friedrich, 2008) we should not 
think in terms of ‘pathogens’ but rather in terms of ‘a disturbed microbial community’. 

We would like to emphasize that 8 y after Listgarten & Loomer (2003), the selection of 
discriminatory ‘biomarker’ species and their clinical diagnostic significance in order to guide 
therapeutic measures is still questionable, since it appears that different forms of periodontal 
diseases are not yet characterized by specific microbiological profiles (Armitage, 2010, 
Listgarten and Loomer, 2003, Mombelli et al., 2002, Riep et al., 2009, Shaddox and Walker, 
2009). Yet, the fact that a small proportion of the total microbiota is routinely recognized does 
not by itself discredit the use of bacterial surrogate markers for research purposes. 

In the light of above, microbiological information seems to have no consistent value for 
providing optimal antibiotic treatment of periodontal patients. It may even distract the 
clinician from a straightforward clinical diagnosis and the use of other more rational tools (e.g. 
the use of plaque index, probing pocket depth, bleeding on probing, clinical attachment level) 
to follow the outcome of therapeutic measures. It is obvious that periodontal treatment is 
thought to be most effective in a periodontal specialist practice, where main focus is to guide 
the patient to carefully and consistently improve their oral hygiene (van der Weijden and Slot, 
2011) and their lifestyle habits (Warnakulasuriya et al., 2010). Antibiotics can be useful in the 
treatment of aggressive cases (Griffiths et al., 2011, Guerrero et al., 2005) but should not take 
away the attention of the clinician from preventive measures, initial therapy and adequate 
maintenance care. 

The most common and successful combined antibiotic regimen reported to date is the 
combination of metronidazole + amoxicillin, as a result of their synergistic effects (Pavicic et 
al., 1992). However, there are no strictly controlled clinical trials in which different treatment 
strategies are tested in comparable patient groups. Recent molecular studies, using cloning 
and sequencing have identified several non-cultivable and fastidious Gram-positive and Gram-
negative species that are associated with periodontitis (Kuboniwa et al., 2010, Armitage, 2010, 
Colombo et al., 2009, Dewhirst et al., 2010, Kumar et al., 2005, Paster et al., 2001, Shchipkova 
et al., 2010, Faveri et al., 2008, Hutter et al., 2003), in addition to the classical putative 
periodontopathogens. Given the highly diverse composition of the subgingival microbiota, it is 
clear that treatment with of amoxicillin + metronidazole, although quite effective in many 
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cases (Cionca et al., 2009, Flemmig et al., 1998, Griffiths et al., 2011, Guerrero et al., 2005, 
Matarazzo et al., 2008, Mestnik et al., Pavicic et al., 1994, Winkel et al., 2001), is based on 
empiricism. The rationale to choose only one of these two antibiotics seems questionable. 
Given the danger of increasing bacterial resistance, we underline the notion that the use of 
antibiotics should be restricted (Deas and Mealey, 2010, Griffiths et al., 2011).  

CONCLUSION 

Our perspective of the state of the art in periodontal microbiology is that neither routine 
analyses such as culturing or real time PCR, nor the use of an open-ended approach (e.g. 454-
pyrosequencing) currently represent convincing and cost-effective tools to support and guide 
periodontal therapy in the individual patient level in the general dental practice. Advances in 
periodontal microbiology have provided us with comprehensive insight into the composition 
and structure of oral biofilms but still have not brought us to a level where we can, with 
certainty, identify the pathogens that are responsible for periodontitis in an individual patient.  
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ABSTRACT 

Objectives 

To compare the growth of microcosm biofilms derived from subgingival plaque of 
periodontitis and peri-implantitis patients on 2 types of surfaces – titanium (Ti) and glass (G). 
Additionally, to determine the treatment effect of chlorhexidine (PA) and an oxygenating 
agent Ardox –X® (AX) on biofilms. 

Materials and methods 

Subgingival plaque samples were collected from pockets (PPD≥6mm) of 3 patients diagnosed 
with periodontitis (P) and 3 patients diagnosed with peri-implantitis (PI). An active attachment 
biofilm model and specific medium (Thompson) supplemented with 30% serum was used. Ti 
and G discs were used as substratum (triplicate). After 2 weeks of growth, biofilms were 
treated with water (W, control), chlorhexidine (PA) or AX and harvested. DNA of dead cells 
was blocked for amplification by propidium monoazide (PMA) treatment. Composition was 
analyzed using 16S rRNA gene amplicon pyrosequencing. Similarities between the biofilms 
were assessed by non-metric Multidimensional scaling (n-MDS) using Bray Curtis (BC) 
similarity index. Inoculum source, surface type and treatments were compared using 
PERMANOVA. 

Results 

The most abundant taxa in the biofilms were Peptostreptococcus (P=16%, PI=2%), 
Streptococcus (P=21%, PI=56%), Parvimonas (P=27%, PI=17%), Peptoniphilus (P=10%, PI=1%), 
Anaeroglobus (P=1%, PI=3%); Prevotella (P=2%, PI=1%); Filifactor (P=3%, PI= 0%), Veillonella 
(P=1%, PI=5%) among the other 80 genera. P and PI derived biofilms were significantly 
different in composition (p<0.001). No statistical difference was found between biofilms 
grown on Ti or G derived from P (p-value=0.242) or Pi (p=0.748). Exposure to PA or AX did not 
result in significant changes in microbial composition as compared to W control (p= 0.136;  p= 
1). 

Conclusions 

The growth of complex multispecies biofilms derived from subgingival plaque in pockets with 
periodontitis or peri-implantitis was donor-associated and was not significantly affected by the 
surface type. Neither PA nor AX significantly affected the biofilm composition after a single 
exposure to these agents. 
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INTRODUCTION 

Osseointegrated dental implants are currently a well-established treatment option in 
restorative dentistry. Titanium is considered the “gold standard” for dental implants due to its 
corrosion resistance and biocompatibility. Dental implants are screw-shaped devices made of 
titanium alloy that provide the support for a replacement tooth. As soon as the healing 
abutment on the implant is exposed to the environment, a so called ‘pristine pocket” is 
formed and immediately colonized by microorganisms attached to the surface, resulting in a 
polymicrobial biofilm. A climax community is reached within 2 weeks (Quirynen et al., 2006). 
At health, this biofilm is in a symbiotic relation with the host. When this harmony is lost, a 
dysbiotic biofilm triggers a pro-inflammatory host response (Hajishengallis and Lamont, 2012). 

The use of chemotherapeutics such as mouthwashes sprays or gels, in combination with the 
daily mechanical oral hygiene of an implant can be considered as an adjunctive to mechanical 
plaque control (Jepsen et al., 2015) to promote the resolution of inflammation and bacterial 
symbiosis However evidence derived from clinical studies on the efficacy of the patient-
administered component in the management of peri-implant mucositis is limited (Louropoulou 
et al., 2014).  

Oral microbes contribute to the healthy homeostasis within the oral cavity (Marsh, 2012). 
Therefore, besides addressing a clinical efficacy of a mouthwash, it is important to investigate 
its effects on the oral microbiome (ten Cate and Zaura, 2012). For this purpose, the use of a 
model which allows reproducible production of complex subgingival microbial communities is 
an essential approach to investigate the impact of new potential chemotherapeutics or 
techniques at an early stage of product development (Eick et al., 2013, Ntrouka et al., 2011) 
before more elaborated clinical studies are performed. 

In order to evaluate the ‘in vitro’ efficacy of chemotherapeutic agents, various biofilm models 
have been developed. Many of these are models available using a preselection of a few 
bacterial species (consortium) (Eick et al., 2013, Ntrouka et al., 2011, Thurnheer and 
Belibasakis, 2014). Given that the peri-implant biofilms are complex, such models may not 
represent the true multispecies nature of the peri-implant microbiome. In order to assess the 
efficacy of chemotherapeutics in a multispecies model, other researchers have used a model 
in which titanium discs were inoculated with saliva derived from periodontally healthy 
volunteers having a natural dentition (Ntrouka et al., 2011) or a model in which the discs were 
incubated in the oral cavity of healthy volunteers (Tastepe et al., 2013, Gosau et al., 2010, 
Schwarz et al., 2007). Since the peri-implant microbiome in health or disease greatly differs 
from the microbiome from a natural tooth surface (in health or disease) (Dabdoub et al., 
2013), using saliva derived from healthy donors as an inoculum for in vitro biofilms most likely 
will not result in a representative microbiome as found at the peri-implant sites. 

Recently we developed a reproducible biofilm model for subgingival microbial communities 
(Fernandez et al 2016, manuscript submitted to JPR), where subgingival plaque is used as 
inoculum. This model can be used to assess the treatment effects of antimicrobials. 
Advantages of this model are that it allows the assessment of multispecies biofilms using 
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samples from different donors as inoculum and it is relatively simple to use. However, there 
are currently no  data available evaluating the growth of a multispecies biofilm derived from 
peri-implantitis lesions. 

The aims of this pilot study were to compare the growth of multispecies biofilms derived from 
periodontitis and peri-implantitis donors. In addition, we assessed the treatment effect of 
chlorhexidine and a mouthrinse product containing an oxygenating agent Ardox –X® on 
periodontits and peri-implantitis derived biofilms grown on titanium. 

MATERIALS AND METHODS  

Selection of donors 

Patients referred to the Academic Centre for Dentistry Amsterdam (ACTA) for periodontitis or 
peri-implantitis treatment were asked to participate as donors of subgingival plaque. The 
inclusion criteria were: patients diagnosed with periodontitis with at least 4 sites with probing 
pocket depth ≥6 mm. Patients diagnosed with peri-implantitis (Zitzmann and Berglundh, 
2008), confirmed with a periapical radiograph with a probing pocket depth of ≥5 mm. Partially 
dentate and edentulous patients were included. All donors were in good general health and 
had not been exposed to antibiotics, professional dental prophylaxis and antimicrobial 
mouthwash within the previous 3 months. 

Ethical approval was provided by the Medical Ethical Committee from the Vrije Universiteit 
Medical Center Amsterdam (ref 2012/335). All participants had to sign an informed consent 
prior to the study. 

Sampling 

In order to perform proper initial non-surgical periodontal or peri-implant therapy from deep 
pockets routine local anesthetics are placed. To collect inocula from deep pockets without 
causing discomfort to the patient, samples were taken after the anesthetics were placed. 
Selected sites were isolated with cotton rolls and supragingival plaque was carefully removed 
with sterile universal curette (Hu-Friedy, Chicago, USA) or KerrHawe implant (KerrHawe, 
Lugano, Switzerland) and discarded. Subgingival plaque samples were collected using a new 
sterile curette (for periodontitis sites) or KerrHawe implant (for peri-implantitis sites).  

The sampling from each donor (having periodontitis or peri-implantitis) was done and kept 
separately. Samples from the different sites of the same donor were pooled and placed into a 
vial containing 500 µl reduced transport fluid (RTF), put on ice and immediately transported to 
the laboratory. To protect the bacterial cells from cryodamage, 500 µl of sterile 60% glycerol 
was added. Then, samples were briefly sonicated with 3 pulsations (5 s) and vortexed for 10 s 
(Vibra Cell; Sonics & Materials Inc, Newtown, CT). Subsequently the samples were divided into 
2 vials: one vial containing 900 µl serving as inoculum and one vial with 100 µl serving to 
determine the composition of the inoculum. Samples were stored at –80°C until use. 
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Biofilm model and production of the biofilms  

An active attachment biofilm model was used as previously described [11]. In brief, 24-well 
polystyrene culture plates (Greiner Bio- One, Alphen a/d. Rijn, the Netherlands) were used. 
The lid of the plate was replaced by a custom-made stainless-steel lid, onto which 24 nylon 
clamps were fixed allowing for various substrata to be inserted. The clamps were positioned in 
such a way that the inserted substrata would fit into the wells of the culture plate. Since the 
substrata were positioned vertically, bacterial attachment plays a key role in this model. By 
transferring the lid with the substrata to a new plate, the medium could be refreshed. In this 
study, glass cover slips (12 mm; Menzel, Braunschweig, Germany) and sandblasted and acid 
etched titanium discs (10 mm; Ningbo Cibei Medical Treatment Appliance Co.,China) were 
used as a substratum. The titanium discs were sandblasted with large grid sand and thereafter 
acid etched with H2SO4 and HCl.  

The biofilms were grown using a peptone based medium described by Thompson et al 
(Thompson et al., 2015) and modified by Fernandez et al. (manuscript submitted to JPR). 
Immediately after defrosting the inocula, the inoculation medium was prepared using 
subgingival dental plaque in a ratio of 1:27 (Fernandez et al, manuscript in preparation). The 
models were subsequently incubated anaerobically (10% CO2, 10% H2 and 80% N2) for 24 h at 
37°C. After this initial inoculation period, the lids were transferred to new plates containing 
sterile fresh medium. Medium was refreshed after every 3.5 days, with a total biofilm growth 
period of 2 weeks. 

Treatment of the biofilms 

After 2 weeks of growth, the biofilms were treated by transferring them to a new plate 
containing the treatment solution (1.8 ml/well). 

The biofilms were treated for 10 min at room temperature with one of the following 
compounds: 

1. Perioaid® (Dentaid Benelux, Houten, the Netherlands) containing 0.12% chlorhexidine 
(PA). 

2. O7-active mouthrinse (Oral Company International B.V., Weesp, The Netherlands), 
containing Ardox-X-technology®, (NGen Oral Pharma N.V., Curacao) (AX). 

3. Sterile demineralized water as a negative control (W).  
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Biofilms were then rinsed with phosphate-buffered saline (PBS) (1.9 ml/well) moving the lid 10 
times up and down in the plate (Exterkate et al., 2010). This rinsing procedure was repeated 3 
times with fresh PBS to remove excess treatment solution. 

Harvesting  

The discs with biofilms were removed from the lid and transferred into 2 ml PBS. All biofilms 
were kept on ice, dispersed by sonication (Vibra Cell; Sonics & Materials Inc, Newtown, CT) for 
2 min at 1 s pulsations at the amplitude of 40 W  and vortexed for 30 s.  

PMA treatment of dispersed biofilms 

To assure that only DNA from the cells with intact membranes (undamaged cells) was 
processed for sequencing, the dispersed biofilms were treated with propidium monoazide 
(PMA) (Exterkate et al., 2014). A total of 1 mg PMA (Biotum Inc., Hayward, Calif., USA) was 
dissolved in 100 μl 20% dimethyl sulfoxide. Approximately 2.5 μl PMA was added to 500 μl of 
suspended biofilm, incubated in the dark for 5 min and then exposed to intense light for 2 min 
using a 650 W halogen lamp placed 25 cm from the samples. During this procedure the 
samples were kept on ice (Nocker et al., 2006). 

The inocula from the donors were not treated with PMA, which implies that all 16S rDNA was 
sequenced including DNA from dead or damaged bacterial cells. 

Assessment of microbial composition 

DNA extraction, amplicon preparation and sequencing data analysis. 

DNA was extracted from the inocula and PMA treated biofilms (Crielaard et al., 2011). 
Barcoded amplicon libraries of the small subunit ribosomal RNA gene hypervariable region V5–
V7 were generated for each of the individual samples, pooled and sequenced using Genome 
Sequencer FLX Titanium system (Roche, Basel, Switzerland) (Koopman et al., 2015). The 
sequencing data was processed using Quantitative Insights Into Microbial Ecology (QIIME) 
(Caporaso et al., 2010) version 1.5.0 as described previously (Koopman et al., 2015). 

To allow comparisons among different samples with the inocula and between the groups, the 
dataset containing Operational Taxonomic Units (OTUs) was randomly subsampled at an equal 
depth. Hierarchical clustering based on the Bray Curtis similarities index (BC) was used to 
assess the similarities among the biofilms per group. The Shannon diversity index was 
calculated, which takes into account the abundance of each OTU, as well as the number of 
OTUs. To visualize microbial profile data, non-metric multidimensional plots (n-MDS) based on 
the BC were used (nMDS) (Clarke, 1993). All calculations were performed using PAST software 
version 3.0 (Hammer Ø, 2001 ).  

Taxonomy of the representative sequences of the most abundant OTUs was identified by 
microbial nucleotide BLAST search against Human Oral Microbiome Database (HOMD) 
reference set (version 13.2). When the highest percentage of identification matched with 
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more than one sequence, the possible alternatives for the OTU identification were then 
provided. This was the case for OTU 35; Peptostreptococcus stomatis sp (99.2 % sequence 
identity), OTU 122; Actinomyces sp. (100 % sequence identity) and for OTU 733; 
Porphyromonas (98.4 % sequence identity) (see table 7.1 at the supplementary data). 

Statistical analysis 

The non-metric multidimensional plots (n-MDS) based on the three-dimensional Bray Curtis 
coefficient similarities (BC) were used to visualize similarities between inocula type, 
substratum and among treatments. Stress <0.2 (Kruskal’s stress formula 1) was used as an 
acceptable threshold (Clarke and Ainsworth, 1993). Similarity percentage (SIMPER) was used 
to identify the OTUs with the highest contribution to dissimilarity between substrata and 
inocula source.  

One-way permutational multivariate analysis of variance (PERMANOVA) was used to assess 
differences in bacterial composition between substratum, inoculum type (periodontitis or peri-
implantitis) individual donors and treatment group. Calculations were performed using PAST 
software version 3.0 (Hammer Ø, 2001 ). When assessing differences among treatment, p-
values were corrected for multiple comparisons using Bonferroni correction. P<0.05 were 
considered statistically significant. The software package IBM SPSS Statistics version 20.0 
(2011, IBM Corp., Armonk, NY, USA) was used to perform the statistical analyses for 
comparisons of the Shannon diversity index among the groups (Paired sample T-test). 

RESULTS 

Six peri-implantitis patients (not having periodontitis) donated subgingival plaque for this 
study. However, only three of these inocula were able to grow as a biofilm, while the 
remaining samples did not visually form a biofilm and were discarded. To allow a comparison 
with periodontitis derived biofilms, three subgingival plaque donors diagnosed with 
periodontitis were included in this study. 

Inocula composition 

The relative abundance of bacterial genera in the inocula differed to a large extent by donor 
(Fig. 7.1). In brief, bacterial composition of the inocula derived from periodontitis patients was 
dominated by genus Fusobacterium (20% of the reads), Streptococcus (16%), Treponema (7%), 
Paludibacter (4%), Tannerella (4%), Parvimonas (4%), Prevotella (4%), Corynebacterium (4%), 
unclasified Clostridiales IS (6%), Actinomyces (3%) and Porphyromonas (3%). The inocula 
derived from peri-implantitis patients were dominated by genus Prevotella (9%), 
Fusobacterium (8%), Porphyromonas (8%), Streptococcus (6%), Treponema (5%), Actinomyces 
(5%), Tannerella (4%), Peptostreptococcus (4%), Capnocytophaga (3%) and unclassified  
Clostridiales (3%).  
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more than one sequence, the possible alternatives for the OTU identification were then 
provided. This was the case for OTU 35; Peptostreptococcus stomatis sp (99.2 % sequence 
identity), OTU 122; Actinomyces sp. (100 % sequence identity) and for OTU 733; 
Porphyromonas (98.4 % sequence identity) (see table 7.1 at the supplementary data). 

Statistical analysis 

The non-metric multidimensional plots (n-MDS) based on the three-dimensional Bray Curtis 
coefficient similarities (BC) were used to visualize similarities between inocula type, 
substratum and among treatments. Stress <0.2 (Kruskal’s stress formula 1) was used as an 
acceptable threshold (Clarke and Ainsworth, 1993). Similarity percentage (SIMPER) was used 
to identify the OTUs with the highest contribution to dissimilarity between substrata and 
inocula source.  

One-way permutational multivariate analysis of variance (PERMANOVA) was used to assess 
differences in bacterial composition between substratum, inoculum type (periodontitis or peri-
implantitis) individual donors and treatment group. Calculations were performed using PAST 
software version 3.0 (Hammer Ø, 2001 ). When assessing differences among treatment, p-
values were corrected for multiple comparisons using Bonferroni correction. P<0.05 were 
considered statistically significant. The software package IBM SPSS Statistics version 20.0 
(2011, IBM Corp., Armonk, NY, USA) was used to perform the statistical analyses for 
comparisons of the Shannon diversity index among the groups (Paired sample T-test). 

RESULTS 

Six peri-implantitis patients (not having periodontitis) donated subgingival plaque for this 
study. However, only three of these inocula were able to grow as a biofilm, while the 
remaining samples did not visually form a biofilm and were discarded. To allow a comparison 
with periodontitis derived biofilms, three subgingival plaque donors diagnosed with 
periodontitis were included in this study. 

Inocula composition 

The relative abundance of bacterial genera in the inocula differed to a large extent by donor 
(Fig. 7.1). In brief, bacterial composition of the inocula derived from periodontitis patients was 
dominated by genus Fusobacterium (20% of the reads), Streptococcus (16%), Treponema (7%), 
Paludibacter (4%), Tannerella (4%), Parvimonas (4%), Prevotella (4%), Corynebacterium (4%), 
unclasified Clostridiales IS (6%), Actinomyces (3%) and Porphyromonas (3%). The inocula 
derived from peri-implantitis patients were dominated by genus Prevotella (9%), 
Fusobacterium (8%), Porphyromonas (8%), Streptococcus (6%), Treponema (5%), Actinomyces 
(5%), Tannerella (4%), Peptostreptococcus (4%), Capnocytophaga (3%) and unclassified  
Clostridiales (3%).  
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The mean Shannon diversity index of the inocula from periodontitis patients was 4.0 for all 
donors (SD 0), whereas the diversity for the inocula from the peri-implantitis patients was 
numerically lower (mean 3.2, SD 0.2) (Table 7.1) but not statistically significant different 
(paired sample T-test p-value >0.05).  
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Figure 7.1 Relative abundance of major genera in the inocula per donor. 
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Figure 7.2 Relative abundance of major genera on biofilms per donor and substratum. Data shown is 
median of quadruplicate biofilms. 
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Biofilm bacterial composition and the effect of substratum and inoculum source  

Figure 7.2 shows the major genera that were able to grow in the model. Peri-implantitis-
derived biofilms (PI) grown on titanium surfaces were dominated by genera Streptococcus 
(53% of the reads), Parvimonas (17%), Veillonella (6%), Anaeroglobus (3%), Peptostreptocuccus 
(3%), uncl. Peptostreptococcaceae IS (3%), Tannerella (3%) and unclassified Clostridiales fam 
xiii incertae sedis (2%), with 37 remaining genera contributing to 9% of the reads. On glass, the 
main genera were Streptococcus (56% of the reads), Parvimonas (17%), Veillonella (6%), 
Anaeroglobus (4%), Peptostreptococcus (2%), uncl. Peptostreptococcaceae incertae sedis (1%), 
Tannerella (2%) and Granulicatella (2%), with 36 remaining genera contributing to 9% of the 
reads (Fig. 7.2). 

Microbial profiles of peri-implantitis biofilms grown on glass surfaces did not differ statistically 
from the profiles of the biofilms grown on titanium (Ti) (Fig. 7.3) (p-value=0.748, F=0.375, 
PERMANOVA). At the individual OTU-level, Peptostreptococcaceae IS (OTU 695 and OTU 35), 
Tannerella (OTU 986) and  Parvimonas (OTU 93) were more abundant on Ti than in glass 
(similarity percentage, SIMPER). While the most abundant on G as compared to the Ti were 
Streptococcus (OTU 698), Anaeroglobus (OTU 883) Granulicatella (OTU 722) and Peptoniphilus 
(OTU 667). 

Periodontitis-derived biofilms (P) grown on titanium surfaces were dominated by Parvimonas 
(28%), Peptostreptococcus (18%), Streptococcus (17%), Peptoniphilus (13%), Pyramidobacter 
(3%), unclasified Clostridiales family xiii incertae sedis (3%), Prevotella (3%), Filifactor (2%), 
Finegoldia (2%), Actinomyces (2%), Veillonella (2%) and other 31 genera (7%). Biofilms grown 
on glass surfaces were dominated by Parvimonas (30%), Streptococcus (25%), 
Peptostreptococcus (14%), Peptoniphilus (9%), Actinomyces (5%), Filifactor (3%), unclassified 
Clostridiales family xiii incertae sedis (2%) and 37 other genera (12 %). 

Microbial profiles of periodontitis-derived biofilms grown on glass surfaces did not differ 
statistically from the profiles of the biofilms grown on titanium (Fig. 7.2) (p-value=0.242, F= 
1.404, PERMANOVA) (Fig. 7.3). Streptococcus (OTU 863) was more abundant in biofilms grown 
on glass from donors 4, 5 and 6 and more abundant on biofilms grown on Ti from donors 2 
and 3 (SIMPER), while Pyramidibacter (OTU 678) was more abundant on Ti discs than on glass 
discs from donors 5 and 6. 

Streptococcus (OTU 698) established at a higher abundance on all biofilms grown on glass discs 
and it was identified in HOMD as Streptococcus constellatus (HOT 576; 100% blast ID). 
Whereas Streptococcus (OTU 863), classified as Streptococcus anginosus (HOT 543; 99.2% blast 
ID), was established on both substrata. This genus was the most abundant in the peri-
implantitis derived biofilms than in the periodontitis-derived biofilms (Fig 7.2). 

Regarding the inoculum source, the compositional difference between biofilms derived from 
two types of inoculum source, PI and P, was statistically significant (p=0.0001, F=15,86 
PERMANOVA; Fig.7.3). Also the profiles from different donors were significantly different (Fig 
7.3). SIMPER was used to identified the most abundant OTUs (Table 7.2). As an example, a 
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clear difference can be observed (Fig. 7.2) on the biofilms grown on titanium from donor 5, in 
which Pyramidobacter (OTU 678), Finegoldia (OTU 329), and Peptoniphilus (OTU 498) were at 
a higher abundance on the Ti than on the glass substrata. 

The diversity index of the biofilms grown on glass ranged from 0.8 to 2.2 and from the biofilms 
grown on Ti ranged from 1.2 to 2.2 (table 7.1). This difference was not statistically significant 
(paired sample T-test, p=0.137). 

 

Table 7.1 Shannon diversity index 

Donor Inoculum Glass Water AX PA 

    Mean (SD) Mean (SD) Mean (SD) Mean (SD) 

1 4,001 1,745 (0,232) 2,117 (0,124) 1,938 (0,113) 2,111 (0,201) 

2 4,026 1,584 (0,364) 1,470 (0,310) 1,279 (0,326) 0,973 (0,805) 

3 4,033 0,815 (0,252) 1,178 (0,473) 0,425 (0,039) 1,547 (0,159) 

4 3,006 2,173 (0,078) 2,214 (0,068) 1,975 (0,159) 2,173 (0,082) 

5 3,310 1,940 (0,109) 1,984 (0,056) 1,911 (0,223) 2,227 (0,221) 

6 3,239 1,751 (0,212) 1,855 (0,137) 2,121 (0,918) 2,196 (0,351) 

Paired sample T-test, Glass vs. Water p = 0,137; Water vs PA p = 0,702; Water vs AX p= 0,163 

 

Effect of antimicrobial treatment on biofilms grown on titanium surfaces  

After 10-min exposure to an antimicrobial rinse (AX = oxygenating agent Ardox-X, PA = 
chlorhexidine containing rinse Perio-aid or W = water control), two-week old biofilms that 
were exposed to AX clustered together with the water-treated biofilms, whereas the PA-
treated biofilms clearly clustered separately from the water- and AX-treated biofilms (Fig. 7.4). 
However compared to W this difference was not  statistically significant for PA (p=0.136; 
F=2,33), nor for Ardox-X, (p=1; F=0.46). The OTUs that showed most decrease in abundance in 
PA comparison with water were Streptococcus (OTU 698), Parvimonas (OTU 93) and 
Peptostreptococcus (OTU 35), while in comparison with AX a small decrease in abundance was 
found for Peptostreptococcus (OTU 35), Anaeroglobus (OTU 883), Clostridiales IS (OTU 394 and 
OTU 695), Prevotella (OTU 22) (SIMPER). In terms of diversity, none of the tested compounds 
significantly affected the diversity of biofilms (PA: p=0.702 and AX: p=0.163) (Table 7.1).  
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Table 7.2 Most abundant OTUs identified with SIMPER on periodontitis and peri-implantits 
derived biofilms 

OTU Genera Closest phylogenetic relative in 
HOMD (% sequence identity) 

HOMD oral 
taxon no. 

Strain / Clone 

22 Prevotella Prevotella intermedia (98.6) 643  Strain.ATCC 
25611  35 Peptostreptococcus Peptostreptococcus stomatis 

(99.2)  
112  Strain.A21H2  

35 Peptostreptococcus Peptostreptococcus stomatis 
(99.2)  

112  Clone.CK035 

79 Prevotella Prevotella buccae (98.9) 560  Strain.ATCC 
33690  87 Actinomyces Actinomyces cardiffensis (100) 850  Strain.F0333  

93 Parvimonas Parvimonas micra (100) 111  Strain.ATCC 
33270  96 Dialister Dialister invisus (100) 118  Clone.BS095  

12
2 

Actinomyces Actinomyces odontolyticus 
(100) 

701  Strain.NCTC 
9935  12

2 
Actinomyces Actinomyces sp. (100) 180  Strain.C3M24/ 

C29KA  12
4 

Prevotella Prevotella oralis (99.7) 705  Strain.ATCC 
33269  15

6 
Succiniclasticum Megasphaera sp. (90.6) 123  Clone.CS025  

25
9 

Rhodopseudomonas Afipia sp.  genomospecies 4 
(99.7) 

652  Strain.G9018  

29
1 

Parvimonas Streptococcus constellatus 
(93.5) 

576  
Strain.ATCC278
23  

32
9 

Finegoldia Peptostreptococcaceae [XIII][G-
2] sp. (100) 

790  Clone.EX153  

35
0 

Pseudoramibacter Pseudoramibacter alactolyticus 
(100) 

538  Clone.CK057  

38
9 

Phocaeicola Bacteroidaceae [G-1]  sp. (100) 272  Clone.X083  

39
4 

Uncl. Clostridiales. 
fam.xiii IS 

Eubacterium [XI][G-1] infirmum 
(100) 

105  Strain.A35MT  

39
9 

Candidate_division_tm7 TM7 [G-4] sp. (99.4) 355  Clone.F061  

41
3 

Mogibacterium Mogibacterium timidum (98.4) 042  Strain.ATCC 
33093  47

6 
Prevotella Prevotella pallens (100) 714  Strain.9423  

49
8 

Peptoniphilus Peptoniphilus sp. (99.7) 386  Clone.P4PA.156  

51
5 

Solobacterium Solobacterium moorei (100) 678  Strain.AHP 
13983  52

2 
Uncl. Erysipelotrichaceae Lactobacillus [XVII] 

catenaformis (100) 
569  Strain.ATCC 

25536  58
4 

Filifactor Filifactor alocis (100) 539  Strain.ATCC 
35896  60

8 
Prevotella Prevotella melaninogenica 

(100) 
469  Strain.ATCC 

25845  62
0 

Uncl. Rikenellaceae. Rc9 
gut group 

Bacteroidetes [G-3] sp. (99.5) 365  
Clone.MCE7.16
4  

66
7 

Peptoniphilus Peptoniphilus sp. (99.4) 836  Strain.F0141  

67
8 

Pyramidobacter Pyramidobacter piscolens (100) 357  Clone.BA121  

69
5 

Uncl. 
Peptostreptococcaceae IS 

Peptostreptococcaceae [XI][G-
7] sp. (99.2)  

106  Strain.A03MT  

69
8 

Streptococcus Streptococcus constellatus 
(100) 

576  
Strain.ATCC278
23  
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OTU Genera Closest phylogenetic relative in 
HOMD (% sequence identity) 

HOMD 
oral taxon 
no. 

Strain / Clone 

     

722 Granulicatella Granulicatella adiacens (100) 534  Strain.TKT1  

726 Prevotella Alloprevotella sp. (99.7) 914  Clone.DL303  

733 Porphyromonas Porphyromonas uenonis (98.4) 785  Strain.F0120  

733 Porphyromonas Porphyromonas asaccharolytica 
(98.4) 

547  Strain.ATCC 25260  

747 Fusobacterium Fusobacterium nucleatum ss 
vincentii (99.7) 

200  Clone.R002  

751 Prevotella Prevotella sp. (99.7) 299  Clone.BI027  

763 Veillonella Veillonella dispar (99.7) 160  Strain.DSM 20735  

776 Porphyromonas Porphyromonas gingivalis (99.7) 619  Strain.DSM 20709  

843 Actinomyces Actinomyces naeslundii (99.7) 176  Strain.NCTC 10301  

863 Streptococcus Streptococcus anginosus (99.2) 543  Strain.ATCC 33397  

883 Anaeroglobus Anaeroglobus geminatus (99.7) 121  Clone.BB166  

953 Porphyromonas Porphyromonas sp. (100) 278  Clone.BS045  

953 Porphyromonas Porphyromonas sp. (99.7) 279  Clone.CW034  

955 Gemella Gemella haemolysans (100) 626  Strain.ATCC 10379  

955 Gemella Gemella morbillorum (100) 046  Strain.ATCC 27824  

986 Tannerella Tannerella forsythia (99.7) 613  Strain.FDC 338  
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Figure 7.3 Spatial distribution of biofilms by clinical diagnosis (dots: periodontitis (P), diamonds: peri-
implantitis (Pi) and the inoculum donor. Each donor is represented by a different color. The number that 
indicates the donor is the same as in figures 7.1 and 7.2. Biofilms grown on different substratum are 
presented by Ti - titanium or G - glass. Non-metric multidimensional scaling (n-MDS) based on three-
dimensional Bray-Curtis similarity index was performed (stress=0.07). Comparisons between the 
inoculum source (P and Pi) were done using PERMANOVA and corrected for multiple comparisons 
(Bonferroni): p-value=0.0001, F=15.86 (PERMANOVA). Comparisons between the substratum type G or Ti 
were done according to the inoculum source using PERMANOVA: Pi: p=0.748, F=0.375 and P: p=0.242, F= 
1.404. Comparisons between Individual biofilms were included in the data analyses. 
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OTU Genera Closest phylogenetic relative in 
HOMD (% sequence identity) 

HOMD 
oral taxon 
no. 

Strain / Clone 

     

722 Granulicatella Granulicatella adiacens (100) 534  Strain.TKT1  

726 Prevotella Alloprevotella sp. (99.7) 914  Clone.DL303  

733 Porphyromonas Porphyromonas uenonis (98.4) 785  Strain.F0120  

733 Porphyromonas Porphyromonas asaccharolytica 
(98.4) 

547  Strain.ATCC 25260  

747 Fusobacterium Fusobacterium nucleatum ss 
vincentii (99.7) 

200  Clone.R002  

751 Prevotella Prevotella sp. (99.7) 299  Clone.BI027  

763 Veillonella Veillonella dispar (99.7) 160  Strain.DSM 20735  

776 Porphyromonas Porphyromonas gingivalis (99.7) 619  Strain.DSM 20709  

843 Actinomyces Actinomyces naeslundii (99.7) 176  Strain.NCTC 10301  

863 Streptococcus Streptococcus anginosus (99.2) 543  Strain.ATCC 33397  

883 Anaeroglobus Anaeroglobus geminatus (99.7) 121  Clone.BB166  

953 Porphyromonas Porphyromonas sp. (100) 278  Clone.BS045  

953 Porphyromonas Porphyromonas sp. (99.7) 279  Clone.CW034  

955 Gemella Gemella haemolysans (100) 626  Strain.ATCC 10379  

955 Gemella Gemella morbillorum (100) 046  Strain.ATCC 27824  

986 Tannerella Tannerella forsythia (99.7) 613  Strain.FDC 338  
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Figure 7.3 Spatial distribution of biofilms by clinical diagnosis (dots: periodontitis (P), diamonds: peri-
implantitis (Pi) and the inoculum donor. Each donor is represented by a different color. The number that 
indicates the donor is the same as in figures 7.1 and 7.2. Biofilms grown on different substratum are 
presented by Ti - titanium or G - glass. Non-metric multidimensional scaling (n-MDS) based on three-
dimensional Bray-Curtis similarity index was performed (stress=0.07). Comparisons between the 
inoculum source (P and Pi) were done using PERMANOVA and corrected for multiple comparisons 
(Bonferroni): p-value=0.0001, F=15.86 (PERMANOVA). Comparisons between the substratum type G or Ti 
were done according to the inoculum source using PERMANOVA: Pi: p=0.748, F=0.375 and P: p=0.242, F= 
1.404. Comparisons between Individual biofilms were included in the data analyses. 
  



Chapter 7 

134 

 

 

 

Figure 7.4 Spatial distribution of biofilms by treatment using non-metric multidimensional scaling (n-
MDS) based on three-dimensional Bray-Curtis similarity index (p=0.063; F=1.82; stress=0.081). Colors and 
shape indicate different treatment (black dot: water; red star: chlorhexidine (PA); blue square: Ardox-X). 
Comparisons between groups were done using PERMANOVA and corrected for multiple comparisons 
(Bonferroni). There was no statistically significant difference for PA (p=0.136; F=2,33), nor for Ardox-X 
(p=1; F=0.46) as compared to water. Individual biofilms grown on titanium were included in the data 
analyses. 
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DISCUSSION 

The results obtained in this pilot study demonstrated that the growth of complex multispecies 
biofilms derived from periodontitis and peri-implantitis pockets was donor-associated and was 
not significantly affected by the surface type. In addition, we aimed to assess the effect of 
exposure to mouthrinse products containing chlorhexidine or an oxygenating agent Ardox–X® 
on biofilms grown on titanium. In this study, single exposure to PA resulted in changes in 
microbial composition as compared to water and Ardox-X, while AX did not significantly affect 
the biofilm composition. 

Different models have been developed to study peri-implantitis biofilms (Ntrouka et al., 2011, 
Schwarz et al., 2014, Tastepe et al., 2013). Preselected bacterial strains and/or Candida species 
have been used as inoculum (Burgers et al., 2012, Cavalcanti et al., 2016, Eick et al., 2013, 
Belibasakis and Thurnheer, 2014). Other authors have preferred intraorally contaminated 
titanium discs (Schwarz et al., 2014, Tastepe et al., 2013). However, in these studies the 
volunteers who have kept these devices in their mouth were healthy individuals with a natural 
dentition, having no implants. Therefore, this method produces biofilms derived from the 
supragingival environment and saliva used as inoculum. Other authors have chosen to use 
stimulated or whole saliva as inoculum source (Ntrouka et al., 2011, Sousa et al., 2016). 
Considering that the complexity and diversity in bacterial composition from peri-implant 
diseases (peri-implant mucositis and peri-implantitis) are more similar to each other than the 
microbiome found at dental sites (Dabdoub et al., 2013, Kumar et al., 2012, Robitaille et al., 
2016), it is obvious that microcosms derived from saliva or a few pre-selected bacteria will not 
resemble the complexity of the in vivo microbiome. Therefore, in this study no pre-selection of 
bacterial species was done. Instead, the inoculum consisted of microbes derived from deep 
peri-implant pockets (>6 mm) from patients diagnosed with peri-implantitis.  

Recent clinical studies using high throughput sequencing technologies have shown that the 
predominant taxa in peri-implant communities, belonged to Butyrivibrio, Campylobacter, 
Eubacterium, Prevotella, Selenomonas, Streptococcus, Actinomyces, Leptotrichia, 
Propionibacterium, Peptococcus, Lactococcus, and Treponema (Robitaille et al., 2016). Clinical 
studies have shown that often some microorganisms, such as Staphylococcus aureus, 
Staphylococcus epidermidis, Enterobacter aerogenes, Enterobacter cloace, Escherichia coli, 
Helicobacter pylori, Parvimonas micra, Pseudomonas spp., or Candida spp., not known to be 
common in periodontitis patients, have been detected in peri-implant pockets (Robitaille et 
al., 2016). We have taken these clinical observation into consideration and therefore have 
included two different inocula sources: patients having  periodontitis or peri-implantitis, from 
which biofilms were grown and analyzed separately. 

In a previous study we have shown that this model is suitable for the development of 
subgingival biofilms derived from periodontitis patients (Fernandez et al 2016, manuscript 
submitted to JPR). A problem that we encountered in the present pilot study was that not all 
inocula derived from the peri-implantitis niche were able to grow as a biofilm. Three sets of 
biofilms derived from three donors did not grow and were discarded. This was not the case for 
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subgingival biofilms derived from deep pockets of periodontitis patients. One could speculate 
that the inoculum source did not contain enough microbial material, since no visual biofilm 
formation was observed. Another reason might be that in this in vitro study, peri-implantitis-
derived biofilms were dominated by aerobes and it is conceivable that more appropriate 
growth conditions would have been more succesfull. Another explanation might be related to 
the fact that two of these samples were derived from fully edentulous peri-implantitis 
patients. These limitations in the subgingival peri-implantitis-derived biofilm needs to be 
further clarified in future investigations.  

It is well recognized that bacterial colonization depends both on inter-microbial as well as 
host-bacterial interactions. Therefore, immune characteristics of the peri-implant tissues 
(Berglundh et al., 2011) will play a role in selecting for a microbial community that is distinct 
from the periodontal microbiome (Robitaille et al., 2016). Since the dynamics of living tissues 
cannot be reproduced in a simple in vitro model, it is conceivable that the lack of this dynamics 
is a major limitation and could have influenced the results of bacterial composition found in 
our model. In vivo, within the niche of a periodontal pocket, nutrients derived from the 
dentinal channels and from the gingival crevicular fluid are important to bacterial growth 
(Love and Jenkinson, 2002). Whereas within the niche of a peri-implant site the host cells 
continuously interact with the titanium surfaces. Recent clinical studies suggested that the 
mere geographical proximity between a periodontal pocket and an osseointegrated implant 
was not sufficient to have a similar microbiome composition (Dabdoub et al., 2013). These 
findings further suggested that titanium implants might dictate the composition of a unique 
ecosystem that forces microbial adaptation and selection (Dabdoub et al., 2013). 

In this study we have compared the microcosms derived from the same inocula but grown on 
two different substrata, titanium and glass. Intriguingly, despite the fact that these two abiotic 
surfaces structurally differed from each other, no significant difference was found between 
these two substrata in microbial composition of the 2-week old biofilms. Thus, Ti discs per se 
did not favor the growth of different bacterial taxa as compared to the biofilm grown on glass 
discs. This finding suggests that in vivo, the host-surface interactions might play a larger role 
than the surface alone in selecting for bacterial growth. This pilot finding needs to be further 
corroborated in more elaborate in vitro studies.  

Biofilms grown in the oral cavity are known to reduce the sensitivity to antimicrobial agents as 
compared to planktonic cells. The age of the biofilm can influence the sensitivity of the cells to 
an antimicrobial agent, such as chlorhexidine. These can be due to limited penetration of the 
antimicrobial indicating a superficial bactericidal effect on biofilm vitality. With increasing 
plaque age, the more resistant the biofilm is to an antimicrobial, e.g. CHX (Zaura-Arite et al., 
2001). In the present pilot study  biofilms that were allowed to grow for two weeks, were 
highly resistant to antimicrobials, even to CHX which is considered the ‘golden standard’ in 
antimicrobial mouthrinses (Van Strydonck et al., 2012). 

Regarding the treatment of peri-implant diseases, although different therapies to treat peri-
implantitis have resulted in various degrees of clinical success, the treatment outcomes are 
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still not predictable (Esposito et al., 2014). According to the meta-analysis performed at the 
consensus of the European workshop on Periodontology, adjunctive measures to mechanical 
oral hygiene measures (antiseptics, local and systemic antibiotics, air abrasive devices) were 
not found to improve the efficacy of professionally- and patient-administered mechanical 
plaque control in reducing clinical signs of inflammation. 

In this study, a compound AX was tested and its antimicrobial effect on multispecies biofilms 
was compared to the ‘gold standard’ chlorhexidine (PA). The results of this study revealed that 
a single incubation with AX had no significant effect on well-established subgingival biofilms 
derived from subgingival plaque of periodontitis and peri-implantitis patients. Neither PA nor 
AX significantly affected the biofilm composition after a single exposure to these agents. Our 
results regarding the antimicrobial effect of AX are in line with the study from  Ntrouka et al 
(2011). In that study a 48h multispecies biofilm (saliva derived) grown on titanium surfaces 
was used to test the antimicrobial effect of chemotherapeutic agents, among those AX and PA. 
They have shown that AX treatment had no significant effect (reduction of CFUs) as compared 
to PA, while a significant effect was observed as compared to the water treatment.  

Currently, there is insufficient evidence for the use of chemotherapeutic agents, however new 
compounds are commercially available. Therefore, this model is promising in the screening 
and assessment of new potential antimicrobial agents in the treatment and prevention of peri-
implant mucositis. 

Limitation 

This biofilm model is that does not allow for multiple antimicrobial treatments or recovery of 
the biofilm after a treatment. This is because biofilms need to be sacrificed for the harvesting 
and assessment of bacterial composition.   

We have recently shown that when multiple donors are included, microbial profiles of biofilms 
after a single exposure to an antimicrobial, clustered per inoculum donor (Fernandez et al., 
2016). It is interesting to note that in this study biofilms derived from  some donors were more 
sensitive to PA, whereas others were not.  

CONCLUSIONS 

We conclude that within the limitations of this pilot study, the growth of complex multispecies 
biofilms derived from subgingival plaque of periodontitis and peri-implantitis patients was 
donor-associated and was not significantly affected by the surface type. Neither PA or AX nor 
the W control significantly affected the biofilm composition after a single exposure to these 
agents. The growth of peri-implantitis derived biofilms is complex and needs to be further 
investigated.  
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Summary, general discussion and future directions 
In chapter 2 we described how the advances in the field of molecular microbial ecology have 
opened a new era of studying microbial communities in relation to oral health. Our 
understanding of periodontal microbial communities in health and disease is in continuous 
development. Microorganisms are by nature present in and on the human body and have 
beneficial functions. In the mouth they maintain the healthy balance between biofilms and 
host. Therefore, from an ecological perspective, preserving symbiotic biofilms should be a 
keystone in the prevention of oral diseases. Oral biofilms are daily exposed to challenges such 
as diet and lifestyle factors (i.e. smoking). The resilience to those disturbances is critical for 
each individual. In addition to these challenges, people use antimicrobial agents for different 
purposes (e.g. to improve mouth odor or for whitening teeth). Optimizing the use of 
antimicrobial agents and reducing their side effects, while at the same time taking care that 
the oral microbiota are kept in balance with oral health, has initiated interest in the 
assessment of chemotherapeutical agents. 

Worldwide, there are numerous over the counter available mouthwashes, many without 
support of scientific evidence where it concerns their effectiveness in plaque control or 
reduction of gingival inflammation. Anti-plaque agents should not eradicate the oral 
microbiota. Instead, they should maintain the microbiota of the mouth at the level and 
composition that is compatible with oral health, in this way preserving the beneficial functions 
of resident microbes (Marsh, 2012, ten Cate and Zaura, 2012). This requirement is not met by 
so-called broad spectrum antimicrobial agents such as chlorhexidine (CHX). Interestingly, 
oxygenating mouthwashes containing peroxoborate are able to reduce the dental plaque 
amount and retard the colonization and growth of anaerobes (Binney et al., 1992, Moran et 
al., 1995, Wennstrom and Lindhe, 1979) and Gram-negative bacteria (Hernandez et al., 2013). 
Gram-negative anaerobes are generally associated with oral infections (e.g. periodontitis, peri-
implantitis, endodontic infections). Therefore, a mouthwash containing the oxygenating agent 
Ardox-x® technology (AX), commercially known as O7-active (NGen Oral Pharma N.V., 
Curacao), raised our interest.  

Today, AX is a component of numerous products for oral hygiene, including toothpastes, 

mouth rinse (O7 active; http://www.o7active.com/) and gels (Implaclean 
http://www.implaclean.com/nl/). 

The understanding that microbial cells growing in a biofilm are physiologically distinct from 
planktonic bacteria (single cells that float or swim in a liquid medium) it is rational to study in 
vitro biofilm models that allow us to study the properties of antimicrobial agents outside the 
patient under more controlled conditions than the in vivo situation. Biofilms are structurally 
complex and dynamic systems that provide a protected local environment to micro-organisms 
enabling them to survive in otherwise hostile locations and from there to colonize new niches 
by dispersion. The oral cavity is a complex ecosystem. There are continuous interactions of the 
host cells and microbes - a symbiotic relationship. Although in vitro studies have their 
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limitations (Sissons, 1997), they can be strictly controlled, which is virtually impossible in the in 
vivo situation. It is a challenge to mimic the in vivo  complexity in an in vitro biofilm model. 

In vitro biofilm models are suitable to analyze the biofilm interaction with antimicrobial 
agents. In this way, we demonstrated (chapter 3) that using the ACTA active attachment 
biofilm model (Exterkate et al., 2010), exposure to a mouthwash resulted in different patterns 
in terms of bacterial composition and metabolic activity of the microcosm biofilm, depending 
on the chemotherapeutic agent used. We found that biofilms treated with AX presented with 
the largest changes in bacterial composition, metabolism and viability as compared to two 
other mouthwashes - Meridol® (GABA International, Basel, Switzerland; an amine 
fluoride/stannous fluoride (AmF/SnF2)- containing mouthwash) and Perioaid® (Dentaid 
Benelux, Houten, the Netherlands; containing 0.12% chlorhexidine) mouthwashes. 

The most striking effect of the AX containing solution was on bacterial metabolism. We 
measured a high amount of lactate along with a reduction of the colony forming units (CFUs) 
up to 40% of the water control. CFUs represent the relative amount of viable bacteria. In the 
remaining treated biofilms genus Veillonella was significantly lower accompanied with the 
higher relative proportion of other genera mainly Streptococcus. The interaction of these 
genera can affect the metabolic activity reflected in lactate utilization by biofilms. Most likely 
Veillonella  was unable to use lactate as energy source, which can potentially affect microbial 
composition. Low pH due to lactate is considered to have antimicrobial potential against 
bacteria associated with periodontal diseases (Teughels et al., 2011). In this way, AX could 
contribute to the resilience of the subgingival microbiome towards disease. However, this 
study did not evaluate the recovery of the biofilms after the exposure to AX. 

Although the results achieved in chapter 3 with AX are promising, in vivo studies are needed to 
assess this potentially beneficial effect. Therefore, a clinical study was performed with focus 
on this oxygenating agent (AX). The results of this study are presented in chapter 4a. The aims 
of this study were first, to determine the antimicrobial effect of AX on selected oral bacteria in 
vitro; second, to evaluate in vivo the effect of AX (twice-daily exposure) on the composition of 
undisturbed plaque accumulation in a one-week non-brushing model in 19 healthy volunteers. 

The preliminary results of the in vitro part of this study revealed that AX has the potential for 
selective inhibition of oral bacteria. Further, the clinical part of this study showed a high 
stability in the supragingival microbiome composition during 1 month without any 
intervention. As expected, the plaque amount increased during the experimental period. The 
composition of the sampled plaque also changed impressively. The microbial composition 
showed a shift toward compositionally less diverse plaque dominated by primary colonizers 
Streptococcus and Veillonella compared to Corynebacterium-dominated plaque at baseline. 
Interestingly, genus Veillonella increased significantly. This could be attributed to the 
‘pioneering’ function of these bacteria. Veillonellae are secondary fermenters – they consume 
lactic acid produced during glucose fermentation by primary fermenters such as streptococci 
(Keller and Surette, 2006, Periasamy and Kolenbrander, 2010) and produce other, weaker 
acids, such as acetic and propionic acid. By doing so, the environmental conditions are created 
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Summary, general discussion and future directions 
In chapter 2 we described how the advances in the field of molecular microbial ecology have 
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mouth rinse (O7 active; http://www.o7active.com/) and gels (Implaclean 
http://www.implaclean.com/nl/). 
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host cells and microbes - a symbiotic relationship. Although in vitro studies have their 
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limitations (Sissons, 1997), they can be strictly controlled, which is virtually impossible in the in 
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The preliminary results of the in vitro part of this study revealed that AX has the potential for 
selective inhibition of oral bacteria. Further, the clinical part of this study showed a high 
stability in the supragingival microbiome composition during 1 month without any 
intervention. As expected, the plaque amount increased during the experimental period. The 
composition of the sampled plaque also changed impressively. The microbial composition 
showed a shift toward compositionally less diverse plaque dominated by primary colonizers 
Streptococcus and Veillonella compared to Corynebacterium-dominated plaque at baseline. 
Interestingly, genus Veillonella increased significantly. This could be attributed to the 
‘pioneering’ function of these bacteria. Veillonellae are secondary fermenters – they consume 
lactic acid produced during glucose fermentation by primary fermenters such as streptococci 
(Keller and Surette, 2006, Periasamy and Kolenbrander, 2010) and produce other, weaker 
acids, such as acetic and propionic acid. By doing so, the environmental conditions are created 
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that promote growth of both of these genera (Bradshaw et al., 1989). The most likely 
explanation of the increase of genus Veillonella during the experimental period could be 
related to this ecologically beneficial relationship with streptococci. These genera are found at 
higher abundance in healthy subgingival sites than in periodontal pockets (Griffen et al., 2011, 
Shi et al., 2015). Therefore, the use of an AX product showed selective inhibition of oral 
bacteria which may lead to a healthier ecosystem. The results indicate that AX containing 
mouthwash may contribute to this demanding balance and deserves further investigation. The 
lack of proper controls of this study was a major limitation which could have potential bias on 
the interpretation of the study outcomes. Nevertheless, we conclude that this pilot clinical 
study indicated a rationale for more elaborate studies with a randomized clinical trial (RCT) 
protocol including both a positive control such as CHX, and a negative control without any 
antimicrobial effects.  

In the dental practice the assessment of dental plaque is important in order to improve 
preventive measures such us oral hygiene instructions. To visualize this dental plaque, a 
disclosing solution is frequently used.  Plaque may fluoresce red when excited with visible 
violet light (405 nm) (Thomas et al., 2008, Volgenant et al., 2013). This property was used to 
visualize plaque and to measure coverage of the dental surfaces by using a camera sensitive to 
light induced fluorescence (QLF). This fluorescence is an intrinsic characteristic of biofilms. 
Therefore it is referred to as auto-fluorescence and it can be visualized and recorded using 
clinical photography. In chapter 4b, we compared red fluorescing plaque (RFP) with disclosed 
plaque. The aim of this cross-sectional study was to assess the relation between dental plaque 
scores determined by the measurement of red auto-fluorescence and plaque scores 
established by visualization with a two-tone solution (Mira-2-Ton; Hager & Werken, Duisburg, 
Germany). For this study, overnight plaque from the anterior teeth of 48 participants was 
assessed for red fluorescence on photographs using a modified Quigley & Hein index 
(Paraskevas et al., 2007).  

Our results revealed a strong correlation between the total disclosed plaque as scored on 
photographs and the clinical scores. This means that standard photographs (white-light 
photographs) can be used to obtain an indication of the oral hygiene of the anterior teeth. The 
assessments can be performed by multiple examiners at a convenient moment. The 
correlation between red fluorescent plaque (RFP) and total plaque, as assessed on the 
photographs, was moderate to strong and significant. Interestingly, what is believed to be 
mature plaque (blue tone) correlated weakly with RFP. Based on the results of this study, we 
can neither confirm nor reject the use of a fluorescence device to screen for mature dental 
plaque. A recent study at our department showed that RFP has the potential to be used to 
identify subjects at risk for developing gingival inflammation (van der Veen et al., 2016). These 
are promising results, which need to be investigated further for instance whether this 
observation it related to the fluorescence or can also be found relative to disclosed dental 
plaque as assessed on white-light photographs. A limitation of this technique is that only 
anterior teeth (from cuspid to cuspid) can be photographed and not the premolars and 
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molars. Future research should investigate and improve the methods of taking these clinical 
photographs in a standardized manner.  

Further in this thesis we focused on the development of a subgingival biofilm model (chapter 
5). Currently many of such models are limited to 10 – 35 pre-selected laboratory species 
(Belibasakis and Thurnheer, 2014, Eick et al., 2016, Thurnheer and Belibasakis, 2016) lacking 
the hundreds of species recently identified under dysbiotic condition of the subgingival 
ecosystem. In order to overcome this limitation, some investigators have used saliva as 
inoculum source (Ntrouka et al., 2011), also because it is relatively easy to obtain. Recently 
other investigators have shown that saliva poorly reflects the microbial composition of dental 
biofilms (Simon-Soro et al., 2013). Although the use of polymicrobial biofilms derived from the 
subgingival niche have been studied in the past using in vitro studies (Walker and Sedlacek, 
2007, Shaddox et al., 2010), they have employed inocula pooled (mixed) from different 
donors. 

Therefore, in chapter 5 we have used the AAA- model (Exterkate et al., 2010) and as inocula 
subgingival biofilms derived from deep pockets from periodontitis patients, an important 
characteristic of this model. As a result, the subgingival-derived biofilms included bacteria 
known to be associated with periodontal disease such as Porphyromonas gingivalis, 
Parvimonas micra, Peptostreptococcus, Fusobacterium, Filifactor, Phocaeicola, Anaeroglobus, 
and Mogibacterium. An important finding was that statistically significant differences in 
bacterial composition were consistently found in biofilms derived from different inoculum 
donors. This finding reflects the large variability in the subgingival microbial composition in 
vivo among periodontitis patients and healthy donors (Bizzarro et al., 2016, Griffen et al., 
2012, Shi et al., 2015, Camelo-Castillo et al., 2015a, Camelo-Castillo et al., 2015b). Our study 
supports the notion that pooling samples and averaging the data can mask the individual 
variability observed in vivo, and in this way provides a more realistic output of the response to 
treatments. Although the model is reproducible among biofilms derived from the same donor, 
it is not reproducible among different donors. This means that higher numbers of donors are 
needed for testing new compounds. 

Efforts were made in chapter 7 to further develop the subgingival biofilm model for peri-
implantitis biofilms. In this initial study, the same growth conditions were used for both 
inoculum types. Additionally we included two different substrata for biofilm growth, glass and 
titanium. The challenge of this study was to grow microcosm biofilms derived from deep peri-
implantitis pockets. Three sets of peri-implantitis biofilms derived from three different donors 
did not grow and were discarded. This was not the case for subgingival biofilms derived from 
deep pockets of periodontitis patients. The periodontitis biofilms (P) and peri-implantitis 
biofilms (PI) were significantly different in composition (p<0.001). These biofilms were 
dominated by Peptostreptococcus (P=16%, PI=2%), Streptococcus (P=21%, PI=56%), 
Parvimonas (P=27%, PI=17%), Peptoniphilus (P=10%, PI=1%), Anaeroglobus (P=1%, PI=3%), 
Prevotella (P=2%, PI=1%), Filifactor (P=3%, PI= 0%), Veillonella (P=1%, PI=5%) among the other 
80 genera. The growth of complex multispecies biofilms derived from subgingival plaque in 
pockets with periodontitis or peri-implantitis was donor-associated. 



8

Chapter 8 

142 
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can neither confirm nor reject the use of a fluorescence device to screen for mature dental 
plaque. A recent study at our department showed that RFP has the potential to be used to 
identify subjects at risk for developing gingival inflammation (van der Veen et al., 2016). These 
are promising results, which need to be investigated further for instance whether this 
observation it related to the fluorescence or can also be found relative to disclosed dental 
plaque as assessed on white-light photographs. A limitation of this technique is that only 
anterior teeth (from cuspid to cuspid) can be photographed and not the premolars and 

Summary, general discussion and future directions 

143 

 

molars. Future research should investigate and improve the methods of taking these clinical 
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inoculum source (Ntrouka et al., 2011), also because it is relatively easy to obtain. Recently 
other investigators have shown that saliva poorly reflects the microbial composition of dental 
biofilms (Simon-Soro et al., 2013). Although the use of polymicrobial biofilms derived from the 
subgingival niche have been studied in the past using in vitro studies (Walker and Sedlacek, 
2007, Shaddox et al., 2010), they have employed inocula pooled (mixed) from different 
donors. 

Therefore, in chapter 5 we have used the AAA- model (Exterkate et al., 2010) and as inocula 
subgingival biofilms derived from deep pockets from periodontitis patients, an important 
characteristic of this model. As a result, the subgingival-derived biofilms included bacteria 
known to be associated with periodontal disease such as Porphyromonas gingivalis, 
Parvimonas micra, Peptostreptococcus, Fusobacterium, Filifactor, Phocaeicola, Anaeroglobus, 
and Mogibacterium. An important finding was that statistically significant differences in 
bacterial composition were consistently found in biofilms derived from different inoculum 
donors. This finding reflects the large variability in the subgingival microbial composition in 
vivo among periodontitis patients and healthy donors (Bizzarro et al., 2016, Griffen et al., 
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supports the notion that pooling samples and averaging the data can mask the individual 
variability observed in vivo, and in this way provides a more realistic output of the response to 
treatments. Although the model is reproducible among biofilms derived from the same donor, 
it is not reproducible among different donors. This means that higher numbers of donors are 
needed for testing new compounds. 

Efforts were made in chapter 7 to further develop the subgingival biofilm model for peri-
implantitis biofilms. In this initial study, the same growth conditions were used for both 
inoculum types. Additionally we included two different substrata for biofilm growth, glass and 
titanium. The challenge of this study was to grow microcosm biofilms derived from deep peri-
implantitis pockets. Three sets of peri-implantitis biofilms derived from three different donors 
did not grow and were discarded. This was not the case for subgingival biofilms derived from 
deep pockets of periodontitis patients. The periodontitis biofilms (P) and peri-implantitis 
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pockets with periodontitis or peri-implantitis was donor-associated. 
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Further, we tested the effect of an AX and chlorhexidine on microcosms derived from deep 
pockets from patients having periodontitis and peri-implantitis. These two week old biofilms 
were exposed to Perio-aid (containing 0.12% chlorhexidine) or AX treatment and did not result 
in significant changes in microbial composition as compared to water control. Most likely 
these results are underpowered, due to the loss of half of the biofilms in the peri-implantitis 
group. Moreover, this initial study needs to be repeated including more donors.  

Regarding the treatment effect of an AX containing product and chlorhexidine, one should 
realize that a comparison between the studies presented in chapter 3 and chapter 7 is not 
possible because of the different inocula used (supragingival and subgingival dental plaque) 
and the difference in age of the biofilms. It has been reported in the literature that older 
biofilms are more resistant to antimicrobials than younger biofilms (Zaura-Arite et al., 2001). 
Since two weeks old biofilms (chapter 5 and 7) are more mature than 96 h old biofilms 
(chapter 3), we conclude that older biofilms are more resistant to the AX product than the 96 
h biofilms. 

The complexity and dynamics of living tissues cannot be reproduced in a simple in vitro model. 
The subgingival niche in disease, the periodontal pocket, has a three-dimensional architecture 
which is affected by the host-bacterial and inter-bacterial interactions that occur in the oral 
biofilms. In order to resemble such a complex environment, multispecies biofilm models in 
combination with oral cells have been developed. 

Guggenheim and collaborators (Guggenheim et al., 2009) developed a multispecies biofilm 
model (9 species) using hydoxyapatite discs as substratum. The grown biofilm was used to 
trigger response of  primary human gingival epithelial cells (HGEC) which allowed the 
determination of cytokines levels (interleukin (IL)-1ß, IL-6, IL-8) from oral epithelial cells 
(monolayer). Peyyala et al. (2013) developed a different multispecies (3-6 species) biofilm 
model, in which a rigid gas-permeable contact lens (RGPL) was incorporated as novel 
substratum. The biofilm grown on this RGPL was used to stimulate profiles of 
cytokines/chemokines from oral epithelial cells. These complex multispecies biofilms 
(Guggenheim et al., 2009, Peyyala et al., 2013) were dominated by a very limited number of 
species and used a monolayer of epithelial cells which do not reflect the characteristics of the 
periodontal pockets in an advanced lesion. 

Recently, a novel host-biofilm interaction gingival organotypic model, consisting of gingival 
epithelial cells, fibroblasts and monocytes has been developed (Bao et al., 2015). This model 
aims to resemble the periodontal pocket using a dynamic perfusion bioreactor in order to 
develop a gingival epithelial-fibroblast-monocyte co-culture on collagen sponges. An 11 
species subgingival biofilm was used to challenge the generated tissue in the bioreactor for a 
period of 24 h. This model allows for the determination of multiplex immunoassay analysis of 
cytokine secretion levels (IL-1 β, IL-2, IL-4, and tumor necrosis factor - α). Although this model 
includes human cells and continuous sheer forces (thus more closely represents the 
periodontal pocket in periodontitis than the previously discussed models) (Guggenheim et al., 
2009, Peyyala et al., 2013), it does not resemble the complexity of the dysbiotic microbiome 
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since only 11 pre-selected bacterial species were included. In vitro biofilm studies are 
dependent on the growth conditions provided, and we have shown (this thesis) that the 
results are also affected by the variability among the donors. The above mentioned studies 
(Bao et al., 2015, Guggenheim et al., 2009, Peyyala et al., 2013) have greatly enhanced our 
knowledge on the complex host- bacterial interactions in vitro. Our model (chapter 5 and 7) 
lacks the flow and the host component. However, it allows simultaneous formation of a 
number of biofilms from the same donor. Moreover, it allows controlled exposure to various 
treatments and it is possible to vary substrata for biofilm growth. 

 

To address the diagnostic value of the outcome of microbial analysis commonly used at the 
dental practice in the Netherlands, we wrote chapter 6. We raised the question: does routine 
analysis of subgingival microbiota in periodontitis contribute to patient benefit? Here we 
highlighted the importance of distinguishing between colonization (carrier state) and 
dysbiosis. In periodontal diseases, the presence of a pathogen per se does not necessarily 
indicate that it causes disease. An ecological disturbance has to occur in order to allow 
pathogens to cause disease. 

In this chapter, the value of the NGS techniques regarding periodontal diseases has been 
addressed. We concluded that at the time of writing this review there was no specific value in 
bacteriological testing, whatever laboratory testing method is used.  Considering that this 
review was published in 2011, we would like to reconsider our conclusion based on available 
data derived from two recent longitudinal clinical studies (Bizzarro et al., 2016, Shi et al., 2015) 
using NGS techniques. These two studies have followed the bacterial shifts in subgingival 
pockets after initial periodontal treatment (on average after 2 months) (Shi et al., 2015) and 
with or without the adjunctive use of antibiotics (up to 1 year) (Bizzarro et al., 2016). The 
results of these studies are in line with the concept that periodontal disease is associated with 
alterations of the complex microbial community rather than dominance of a single pathogenic 
species. The predictive value of specific subgingival bacterial profiles for the decision to 
prescribe antibiotics in the treatment of periodontitis has been proposed. Authors also 
highlighted the need for alternative therapies based on ecological approaches. Given the 
concerns of increasing bacterial resistance, the use of antibiotics should be restricted. Instead 
of aiming to kill “pathogens”, the search to restore the symbiotic biofilm by other means than 
using antibiotics are of interest.  

Future directions 

The potential effect of an AX mouthwash solution products on reductions in both the clinical 
manifestations of gingivitis and the inhibition of or reduction of plaque or plaque 
pathogenicity still needs to be demonstrated. For that purpose a 21 days experimental 
gingivitis model could be used or alternatively a 6 month trial as proposed by the American 
Dental Association in their Acceptance Guidelines of Chemotherapeutic Products for Control of 
Gingivitis (ADA, Acceptance Guidelines 2016). 
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Future directions 

The potential effect of an AX mouthwash solution products on reductions in both the clinical 
manifestations of gingivitis and the inhibition of or reduction of plaque or plaque 
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Properly designed clinical trials (including an adequate sample size per group), usually results 
in an expensive and time-consuming study. Therefore we underline that before running 
expensive clinical trials, a compound should prove to have the potential to be effective. This 
can be accomplished with in vitro studies.  

A disadvantage of the ACTA active attachment model is that it requires that biofilms are 
discarded for assessment of their composition. Future in vitro studies could be performed 
using a biofilm model that allows for harvesting without contamination while allowing the 
biofilms to recover from a treatment. This may provide insights about the resilience of biofilms 
in vitro against an antimicrobial treatment.  

It is recognized that bacterial colonization depends both on inter-microbial as well as host-
microbial interactions. Immune characteristics of the peri-implant tissues (Berglundh et al., 
2011) and the microbial community is distinct from the periodontal microbiome (Robitaille et 
al., 2016). Therefore, It is conceivable that different growth conditions are required for these 
two different inoculum types. Growth conditions for the peri-implantitis biofilms need to be 
further investigated and optimized. 

The model presented in chapter 5 and 7 could be improved by including human cells (e.g. 
gingival organotypic model) in an attempt to mimic the host. Finally, inter-bacterial 
dependence on nutrition input and utilization of end-products of the bacterial metabolism 
needs to be further investigated when studying the growth of subgingival biofilms (Huang et 
al., 2011). 
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Samenvatting 
Er is wereldwijd een verscheidenheid aan mondspoelingen verkrijgbaar, echter veelal zonder 
een wetenschappelijke onderbouwing van het effect op plak of gingivitis Het is te prefereren 
dat deze zogenaamde antiplakmiddelen niet alle micro-organismen in de mond uitroeien, 
maar de microbioom houdt op een niveau en een samenstelling die in overeenstemming is 
met mondgezondheid. Aan dit aspect wordt voorbij gegaan door zogenaamde breedspectrum 
antimicrobiële middelen zoals chloorhexidine (CHX). Oxiderende mondspoelingen zouden 
echter juist van nut kunnen zijn. Zo zijn er spoelmiddelen die peroxoboraat bevatten en in 
staat zijn om de kolonisatie en groei van anaeroben (Binney et al.,1992, Moran et al.,1995, 
Wennstrom en Lindhe, 1979) en Gram-negatieve bacteriën te reduceren (Hernandez et 
al.,2013). Gram-negatieve anaerobe zijn micro-organismen die vaak worden geassocieerd met 
orale infecties (bijv. parodontitis, peri-implantitis, wortelkanaalontstekingen). Vandaar dat de 
mondspoeling, met het oxiderend agens Ardox-x (AX) - commercieel bekend als O7-active 
(NGen Oral Pharma N.V., Curaçao) - onze interesse heeft gewekt en een centraal thema is 
geworden van dit proefschrift. AX wordt in verschillende mondverzorgingsproducten 
toegepast, inclusief tandpasta, mondspoelingen (O7-active; www.o7active.com) en gels 
(Implacean www.implaclean.com/nl). 

 

In hoofdstuk 2 beschrijven we hoe de ontwikkelingen in het veld van de moleculaire 
microbiologische ecologie hebben geleid tot een nieuwe fase in het onderzoek van microbiële 
gemeenschappen in relatie tot mondgezondheid. In de mond spelen vele soorten een rol bij 
het in stand houden van een gezonde balans tussen microbioom en gastheer. Vandaar dat, 
vanuit ecologisch perspectief, het behoud van symbiotische biofilms als een belangrijke factor 
wordt gezien in de preventie van orale aandoeningen.  

Orale biofilms worden dagelijks blootgesteld aan uitdagingen voortkomend uit dieet of 
lifestyle (bijv. roken). Naast deze uitdagingen, gebruikt men soms antimicrobiële producten 
(bijv. om slechte adem te verbeteren of voor het bleken van tanden). Het optimaliseren van 
het gebruik van antimicrobiële producten en ervoor te zorgen dat de orale ecosysteem in 
balans is met mondgezondheid, heeft geleid tot de interesse in dit proefschrift waarbij diverse 
chemotherapeutische middelen worden beoordeeld.  

 

Omdat micro-organismen die in een biofilm groeien fysiologisch verschillen van planktonische 
bacteriën (losse cellen die drijven of zwemmen in een vloeibaar medium), is het 
aanbevelenswaardig om in vitro biofilmmodellen te gebruiken in plaats van losse bacterien ter 
bestudering van de werking van antimicrobiële middelen in een gecontroleerde setting; dus 
buiten de patiënt om. Hoewel in vitro studies beperkingen kennen (Sissons, 1997), kunnen zij 
in het algemeen goed gecontroleerd worden, wat niet zo goed mogelijk is in de in vivo situatie.   
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Op deze manier konden wij vaststellen (hoofdstuk 3), met gebruikmaking van de ‘ACTA-active-
attachment-biofilmmodel’ (AAA; Exterkate et al., 2010), dat blootstelling aan verschillende 
mondspoelingen kan resulteren in verschillende patronen van bacteriële samenstelling en 
metabole activiteit in gekweekte biofilms afkomstig uit supragingivale plak. Met het 
spoelmiddel dat ondermeer AX bevatte vonden wij de grootste veranderingen in bacteriële 
samenstelling, metabolisme en levensvatbaarheid, vergeleken met twee andere 
mondspoelmiddelen (Meridol en Perio-aid).  

Het meest opmerkelijke resultaat van het AX mondspoelmiddel betrof het bacteriële 
metabolisme, met name het hoge gehalte aan lactaat (zuurrest van melkzuur). In deze biofilms 
was de soort Veillonella significant lager, terwijl er een hogere relatieve proportie van andere 
soorten werd waargenomen, voornamelijk Streptokokken. De interactie tussen deze soorten 
kan de metabole activiteit, zichtbaar in het melkzuurgebruik door de biofilms, aantasten. 
Melkzuur in de mond wordt beschouwd als een antimicrobiële factor voor bacteriën die 
geassocieerd worden met parodontale aandoeningen (Teughels et al., 2011). Op deze manier 
zou het AX spoelmiddel wellicht een bijdrage kunnen leveren aan de weerstand tegen 
tandvleesontsteking. 

 

Alhoewel de resultaten in hoofdstuk 3 met het AX product veelbelovend lijken, blijven in vivo 
studies noodzakelijk. Om die reden werd er een klinische studie opgezet. De resultaten zijn 
gepresenteerd in hoofdstuk 4a. Het doel van deze studie was om niet alleen het antimicrobiële 
effect van het AX product op bepaalde mondbacteriën in vitro te bepalen maar vooral ook om 
het in vivo effect van AX (tweemaal per dag gebruikt) te meten op de samenstelling van 
tandplak in 19 gezonde vrijwilligers die een week niet hadden gepoetst. 

De resultaten van het in vitro gedeelte van deze studie lieten zien dat een mondspoelmiddel 
met AX de potentie heeft tot selectieve remming van orale bacteriën.  

Het klinische deel van de studie liet een hoge stabiliteit in de samenstelling van het 
supragingivale microbioom zien gedurende een maand voor de experimentele periode  zonder 
enige vorm van interventie. Zoals verwacht nam de plak score toe tijdens de periode van niet 
poetsen en alleen spoelen met het AX product (experimentele periode). De samenstelling van 
de tandplak veranderde ook: een shift naar een minder diverse microbiologische 
samenstelling, gedomineerd door de primaire kolonisatoren Streptokokkus en Veillonella, in 
vergelijking met een Corynebacterium gedomineerde plak op baseline. Opvallend was dat de 
Veillonella stam significant toenam. 

Zo toont het gebruik van een AX-product een selectieve remming van bepaalde 
mondbacteriën die mogelijk kan leiden tot een gezonder ecosysteem, een meer gezonde 
balans. Deze mogelijkheid behoeft echter verder onderzoek. Er ontbrak helaas een goede 
controlegroep in deze studie. Een belangrijke beperking waardoor er vertekening zou 
kunnenontstaan in een correcte interpretatie van de resultaten. Het is dus van belang deze 
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klinische pilotstudie te vervolgen met een gerandomiseerde klinische trial van substantiële 
omvang (met een positieve en een negatieve controlegroep: bijv. CHX versus geen 
antimicrobiële werking). 

 

In de tandheelkundige praktijk is het beoordelen van tandplak van belang, bijvoorbeeld ter 
verbetering van mondhygiëne door de patiënt. Ter visualisatie wordt dan vaak een ‘twee-
kleuren’ plakverklikker gebruikt.  

Plak fluoresceert rood wanneer het wordt blootgesteld aan violet licht (405 nm) (Thomas et 
al., 2008, Volgenant et al., 2013). Deze eigenschap werd in Hoofdstuk 4 gebruikt ter 
visualisatie van plak en ter meting van de bedekking van het tandoppervlak door gebruik te 
maken van een camera die gevoelig is voor door licht geïnduceerde fluorescentie (QLF). Deze 
fluorescentie is een intrinsieke karakteristiek van biofilms; vandaar dat het ook wel auto-
fluorescentie wordt genoemd, die zichtbaar kan worden gemaakt en gedocumenteerd via 
fotografie. In dit hoofdstuk vergeleken we rood fluorescerende plak (RFP) met plak gekleurd 
via een 2-kleuren plakverklikker. Het doel van deze cross-sectionele studie was om te bepalen 
of er een relatie bestaat tussen tandplakscores bepaald door het meten van auto-fluorescentie 
en plakscores bepaald door visualisatie met een ’twee-kleuren’ plakverklikker (Mira-2-ton; 
Hagar & Werken, Duisburg, Duitsland). Voor deze studie is de ‘overnight’ plak van de 
voortanden van 48 deelnemers beoordeeld voor rode fluorescentie op foto’s gescoord met 
behulp van een aangepaste Quigley & Hein index (Paraskevas et al., 2007). 

Onze resultaten toonden een hoge correlatie tussen de plak op foto’s en de klinische score. Dit 
betekent dat de standaard foto’s (wit-licht fotografie) gebruikt kunnen worden ter verkrijging 
van een indicatie van de mondhygiëne van de voortanden. Vooral van belang in 
epidemiologisch onderzoek, omdat de beoordelingen achteraf kunnen worden uitgevoerd 
door meerdere beoordelaars (Van der Veen et al., 2016). De correlatie tussen de RFP en de 
totale hoeveelheid plak, die gescoord werd op de foto’s, was middelmatig tot sterk en 
significant. ‘Volwassen plak’ (blauwe toon) correleerde zwak met de RFP. Een beperking van 
deze techniek is echter wel dat de voortanden (van hoektand tot hoektand) gestandaardiseerd 
kunnen worden gefotografeerd, maar de kiezen niet. 

 

In het vervolg van deze thesis hebben we ons geconcentreerd op de ontwikkeling van een 
subgingivaal biofilmmodel (hoofdstuk 5). Vele van de in de literatuur beschreven modellen 
beperken zich tot 10-35 voorgeselecteerde laboratorium bacteriesoorten (Belibasakis en 
Thurnheer, 2014, Eick et al., 2016, Thurnheer en Belibasakis, 2016), maar er ontbreken dus 
honderden soorten die recentelijk zijn geïdentificeerd in dysbiotische condities van het 
subgingivale ecosysteem. Om deze beperking te vermijden hebben sommige onderzoekers 
speeksel als inoculum gebruikt (Ntrouka et al., 2011), omdat dit gemakkelijk bij patiënten af te 
nemen is. Recent hebben andere onderzoekers aangetoond dat speeksel de microbiële 
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compositie van dentale biofilms slecht weergeeft (Simon-Soro et al., 2013). Alhoewel 
polymicrobiële biofilms verkregen uit subgingivale niches in het verleden wel bestudeerd zijn 
in vitro (Walker en Sedlacek, 2007, Shaddox et al., 2010), zijn deze studies uitgevoerd met een 
gemengd inoculum, afkomstig van verschillende donoren. 

In dit hoofdstuk hebben wij wederom het AAA-model (Exterkate et al., 2010) gebruikt met als 
inoculum subgingivale biofilms verkregen uit diepe pockets van parodontitis patiënten. Als 
resultaat verkregen wij van elke bemonsterde pocket biofilms met bacteriën die bekend staan 
om hun associatie met parodontale ziekten zoals Porphyromonas gingivalis, Parvimonas micra, 
Peptostreptococcus, Fusobacterium, Filifactor, Phocaeicola, Anaerogobus en Mogibacterium. 
Een belangrijke bevinding was dat statistisch significante verschillen in bacteriële 
samenstelling consistent waren tussen biofilms verkregen uit de verschillende inoculum 
donoren, terwijl de samenstelling van gekweekte films juist goed overeen kwamen met de 
subgingivale plaquesamenstelling van de diverse proefpersonen. Deze bevinding onderschrijft 
de grote variatie in subgingivale microbiële samenstelling onder parodontitis patiënten en 
gezonde donoren (Bizzarro et al., 2016, Griffen et al.,2012, Shi et al.,2015, Camelo-Castillo et 
al., 2015a, Camelo-Castillo et al., 2015b). 

 

In hoofdstuk 7 werd een poging ondernomen tot het verder ontwikkelen van het subgingivale 
biofilmmodel, maar nu voor biofilms afkomstig van patiënten met peri-implantitis of 
parodontitis. Tevens gebruikten wij twee verschillende substraten voor biofilmgroei, namelijk 
glas en titanium. De parodontitis en peri-implantitis biofilms waren significant verschillend in 
samenstelling (p<0.001).  

Verder hebben we het effect van AX en CHX mondspoelmiddel getest op de microcosmos 
verkregen uit diepe pockets van patiënten met parodontitis en peri-implantitis. Twee weken 
oude biofilms werden blootgesteld aan Perio-aid (0.12% CHX) of het AX product en toonden 
geen significant verschil in hun microbiële samenstelling vergeleken met de water 
controlegroep. De uitkomst van deze tests moet met de nodige zorg geïnterpreteerd worden 
de helft van de biofilms in de peri-implantitis groep verloren is gegaan. 

Wat betreft het effect van het AX bevattend product en CHX, moet men realiseren dat een 
vergelijking tussen de studies gepresenteerd in hoofdstuk 3 en hoofdstuk 7 niet goed mogelijk 
is vanwege de verschillende inocula die gebruikt zijn (supragingivale versus subgingivale 
tandplak), en het verschil in leeftijd van de biofilms (96 uur en 2 weken).  

 

Ter bespreking van de diagnostische waarde van de uitkomst van microbiële analyse die vaak 
wordt gebruikt in de Nederlandse tandartspraktijken (identificatie van enkele indicator 
bacteriën in gekweekte plaquemosters), schreven wij hoofdstuk 6. Wij stelden ons de vraag in 
hoeverre stelselmatige analyse van enkele subgingivale microbiota, wezenlijk bijdraagt tot het 
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bestrijden van parodontale infecties. In dit review hebben we het belang van het verschil 
tussen kolonisators (carrier state) en dysbiose benadrukt.  

 

Bij parodontale aandoeningen staat de aanwezigheid van een zogenaamde paropathogeen 
niet garant voor een indicatie van ziekte. Er moet een ecologische verstoring ontstaan 
alvorens de pathogeen tot ziekte kan leiden. In dit hoofdstuk is het belang van de nieuwe 
generatie sequencing - (NGS)-technieken, omtrent parodontale ziekten aangekaart. Wij 
concludeerden op het moment van het schrijven van dit review dat er geen duidelijk 
toegevoegde waarde in bacteriologische tests kan worden gevonden, ongeacht het gebruikte 
testmodel. Denkend aan de publicatie van dit review in 2011, voelen wij ons verder gesteund 
door data verkregen uit twee recente longitudinale klinische studies (Bizzarro et al.,2016, Shi 
et al., 2015) met gebruik van NGS-technieken. De voorspellende waarde van specifieke 
subgingivale bacteriële profielen voor het bepalen voor het uitschrijven van een 
antibioticakuur voor parodontitis achten wij onvoldoende onderbouwd. Wat betreft zorgen 
omtrent antimicrobiële resistentie zou het antibioticagebruik moeten worden beperkt. In 
plaats van zich te richten op het doden van “pathogenen” is het herstellen van de 
symbiotische biofilm via andere methodes dan de gebruikelijke antibiotica het ultieme doel. 

 

Toekomstig onderzoek naar de werking van AX 

Het potentiële effect van een AX mondspoelmiddel product op het verminderen van zowel de 
klinische manifestatie van gingivitis, als de inhibitie of reductie van plak of plakpathogeniciteit 
moet nog bewezen worden. Goed opgezette klinische trials (inclusief een adequate 
studiepopulatiegrootte per groep), leiden vaak tot dure en tijd consumerende studies. Om 
kosten te besparen zou het door ons toegepaste biofilmmodel ingezet kunnen worden voor 
het verrichten van in vitro voorstudies met de bedoeling wijze van toedienen van AX, duur van 
contact met AX en daarmee geassocieerde verschuivingen in samenstelling van de flora vast te 
stellen. Uiteindelijk zal met een ‘in vivo’ studie het klinische bewijs voor het effectiviteit en het 
nut van een product vastgesteld moeten worden. 
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Algemene conclusies: 
 Vanuit ecologisch perspectief, is het behoud van symbiotische biofilms een 

belangrijke factor  in de preventie van orale aandoeningen. 

 Antiplakmiddelen zouden de orale micro-organismen op een niveau en samenstelling 
moeten houden die compatibel is met de mondgezondheid, zodat de nuttige factoren 
van endogene microben behouden blijven. 

 De resultaten van zowel in vitro als in vivo studies laten zien dat het gebruik van het 
AX product een selectieve inhibitie van orale bacteriën kan teweegbrengen. Dit kan 
mogelijk bijdragen aan een gezonder ecosysteem in de mond. Deze mogelijkheid 
behoeft echter nog zorgvuldig vervolgonderzoek. 

 De ontwikkeling van het subgingivaal biofilm model dat in deze thesis is gebruikt leidt 
tot de groei van biofilms welke bekend staan om hun associatie met parodontale 
ziekten zoals Porphyromonas gingivalis, Parvimonas micra, Peptostreptococcus, 
Fusobacterium, Filifactor, Phocaeicola, Anaerogobus en Mogibacterium. Deze 
bacteriën komen in het model tot verdere ontwikkeling en bieden de mogelijkheid tot 
verder onderzoek naar hun onderlinge interacties. Een belangrijke bevinding was dat 
statistisch significante verschillen in bacteriële samenstelling consistent waren tussen 
biofilms verkregen uit de verschillende inoculum donoren. Deze bevinding reflecteert 
op de grote variatie in subgingivale microbiële samenstelling gevonden bij 
parodontitis patiënten. 

 De ontwikkeling van een peri-implantitis biofilm model lijkt mogelijk en kan wellicht 
dienen voor verder onderzoek naar de pathogene factoren die mogelijk een bijdrage 
leveren aan het verlies van steunweefsel rond aangedane implantaten. 

 Parodontale aandoeningen zijn geassocieerd met veranderingen in de complexe 
bacteriële gemeenschap in plaats van dominantie van slechts één, of een paar 
pathogene stammen. De voorspellende waarde van specifieke subgingivale bacteriële 
profielen voor het bepalen van het uitschrijven van een antibioticakuur voor 
parodontitis is onvoldoende onderbouwd. In dit proefschrift wordt benadrukt dat een 
ecologische benadering te prefereren is boven het gebruik van antibiotica. 
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Glossary of common terms used in this thesis 

 
Term Definition 

16S ribosomal RNA (16S rRNA) An RNA molecule that is encoding small ribosomal 

subunit in prokaryotes. 16S has a conserved region 

(common to all prokaryotes)  and hypervariable regions 

that are unique to particular species 

Biofilm A sessile community of microbes characterized by cells 

that are attached to a surface or to each other and 

embedded in a matrix of extracellular polymeric 

substances (Hall-Stoodley et al., 2004) 

Dysbiosis The state of imbalance in the relative abundance or 

influence of species within a microbial community that 

is associated with a disease (Hajishengallis and Lamont, 

2012, Lamont and Hajishengallis, 2014) 

Ecosystem A community of living organisms in conjunction with 

the nonliving components of their  environment 

interacting as a system (Zaura and Ten Cate, 2015) 

Genus kind of living micro /organisms within the taxonomic 

rank (plural: genera) 

Homeostasis:  A property of a system in which variables are regulated 

so that internal conditions remain stable and relatively 

constant (Zaura and Ten Cate, 2015) 

Incipient dysbiosis In non-susceptible individuals dysbiosis does not 

progress beyond gingivitis (Meyle and Chapple, 2015) 

Microbiome The totally of microbes, their genetic, and the 

environment in which they interact (Cho and Blaser, 

2012) 

Microbiota All living microbial organisms constituting the 

microbiome (Cho and Blaser, 2012) 
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Term Definition 

Next-generation sequencing 

(NGS) 

A term describing modern high throughput sequencing 

technologies 

Operational taxonomic unit 

(OTU) 

The grouping of bacterial 16S rRNA gene sequences by 

their similarity. Sequences are typically grouped at a value 

between 97% and 99%. 

Pathobionts   Commensal microorganisms with the potential to induce 

pathology under conditions of disrupted homeostasis 

(Simon-Soro and Mira, 2015, Lamont and Hajishengallis, 

2014). 

Phylotype A type of bacterium defined by its placement in a 

phylogenetic tree based on its sequence of 16S rRNA 

gene 

Resilience The ability to withstand disturbance, is a central concept 

in ecology (Cho and Blaser, 2012) 

Species Distinct groups of bacteria that have been isolated, 

cultured and named 

Symbionts Commensal microorganism (Simon-Soro and Mira, 2015) 

Symbiosis Two or more species living closely together in a long-term 

relationship 

Taxa Grouped organisms (singular: taxon) 

Taxonomic rank Taxonomic hierarchy 

Taxonomy The biological systematic classification of living organisms 
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