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Abstract
Dental plaque is a mixed-species microbial biofilm that forms on tooth surfaces. Incorporation
of acidogenic bacteria such as Streptococcus mutans within the biofilm results in development
of carious lesions. This research project aims to establish a reproducible model of early
colonising oral bacteria and use it to assess S. mutans integration into biofilms.

The Modified Robbins Device (MRD) was used to develop mixed species biofilms from
Streptococcus gordonii DL1, Actinomyces oris MG1, and Veillonella parvula PK1910, with
or without 0.1% sucrose. These biofilms were challenged with S. mutans UA159 or GS5.
Quantitative PCR and a variety of microscopic imaging approaches were used to assess the
structure and stability of early coloniser biofilms and to study S. mutans incorporation.

Reproducible and stable early coloniser biofilms were established. The presence of sucrose
had no effect on biofilm formation. Challenging preformed biofilms with S. mutans had no
effect on the early coloniser species, but resulted in differences in the appearance of biofilm
matrix. Significant differences were observed between S. mutans strains: after 24 h S. mutans
UA159 was about 20-fold more abundant in the biofilm than S. mutans GS5.
The impact of extracellular DNA on S. mutans GS5 colonisation was studied by replacing the
wild-type S. gordonii with a mutant disrupted in the ssnA gene encoding an extracellular
deoxyribonuclease. There was no significant difference in S. mutans between preformed
biofilms with wild-type and mutant S. gordonii, indicating that SsnA does not play a role in
determining S. mutans colonisation in this system.

A reproducible system for culturing early coloniser oral biofilms has been established here
that will be useful for further investigations of biofilm colonisation by oral bacteria.
Differences in the ability of different S. mutans strains to colonise may be further explored
through targeted mutagenesis to find key factors responsible for colonisation.
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Chapter 1. Introduction
Dental caries (tooth decay) is a chronic infectious disease, and is the most prevalent disease
among humans worldwide (Kassebaum et al., 2017). It compromises people throughout their
lifetime, not only during childhood or adolescence (Strużycka, 2014). The pathological
condition of tooth decay can either begin at the enamel of the tooth crown or at the cementum
or dentine covering the root, causing decalcification and disintegration of these dental tissues
(Karpiński and Szkaradkiewicz, 2013). Dental plaque is an example of an oral biofilm, which
is considered to be a necessary factor in the aetiology of dental caries. This plaque is an
aggregation of bacteria embedded in exopolysaccharides and other extracellular polymers
which bind to the tooth surface (Bowden and Li, 1997; Marsh et al., 2011; Koo et al., 2013).
Naturally, the dental plaque accumulates at certain sites on tooth surfaces, and can reach a
state of ‘maturation’ after one to two days in the absence of oral hygiene (Santos, 2003).
Control of the bacterial biofilm on teeth is necessary for the preservation of oral health.

Evidence from epidemiological, animal, and in vitro studies indicate that different bacterial
species can be involved in the development of dental caries, such as oral streptococci,
especially of the mutans group, Lactobacillus spp., members of the mitis, anginosus and
salivarius groups of Streptococcus, as well as Propionibacterium, Enterococcus faecalis and
Scardovia (Tanzer et al., 2001; Wade, 2013). Among these species, the Streptococcus mutans
remains the species that is most strongly associated with dental caries (Teng et al., 2015). S.
mutans can rapidly produce lactic acid from dietary carbohydrates, mainly sucrose and
glucose (Van Houte et al., 1991; Islam et al., 2007). The creation of such an acidic
environment makes S. mutans capable of demineralising hard tissue on teeth (Loesche, 1986;
Islam et al., 2007). S. mutans is always present in a mixed-species environment, and the
impact of other species on S. mutans colonisation, acid production and enamel
demineralisation is only beginning to be understood.

1

1.1 Dental Caries
The term dental caries refers to both the dynamic process of caries development, and the
carious lesion (cavitated or non-cavitated) that occurs upon a tooth’s surface as a result of acid
production by mature dental plaque bacteria (Selwitz et al., 2007). Microorganisms in mature
dental plaque produce acids from dietary carbohydrate. This acid can dissolve the
hydroxyapatite of the hard tissues of the tooth (enamel, dentine, and cementum), and once
hard tissues are progressively destroyed, subsequent cavity formation results. An untreated
cavity can progress to endodontic infection or an abscess (Wade, 2013). Although it is one of
the most prevalent chronic diseases worldwide that affects both children and adults, it is still a
preventable disease (Pitts, 2004).

The actual environment for the initiation of the carious process starts within the bacterial
biofilm (dental plaque) that accumulates and develops on the tooth’s surface (Selwitz et al.,
2007). Frequent intake of dietary sugars disturbs the ‘microbial homeostasis’ in dental plaque
and leads to the overgrowth of species that produce acid from the fermentation of dietary
carbohydrates, and which favour living in an acidic environment, such as S. mutans and
lactobacilli. The presence of these species in dental plaque then increases the exposure of the
enamel surface to acid, causing the gradual dissolution of the tooth surface (Pitts, 2004;
Wade, 2013).

Early demineralisation changes in the enamel surface during the initial stages of caries may
not be identified by conventional clinical and radiographic methods (Kidd and Fejerskov,
2004). In the initial stages of caries, enamel may be remineralised, thus arresting the disease
process. If an early enamel lesion is not remineralised it will progress and cause tooth
destruction (Pitts, 2004). The progression of caries is characterised by the appearance of
demineralisation features on the hard dental tissue as ‘chalky’ white spot lesions. Dental
caries can range from a lesion that is subsurface and subclinical to a lesion which appears as
frank cavitation (Selwitz et al., 2007).
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1.1.1 Aetiology of dental caries
Dental caries is a multifactorial disease where the aetiological process is complex. Interaction
between various factors can initiate the development and progression of dental caries
(Cummins, 2013). Factors which may have a bearing upon an individual’s caries status are
broadly categorised into: personal factors, oral environmental factors, and factors that directly
contribute to caries development (Figure 1. 1) (Selwitz et al., 2007).

Personal factors
Oral environmental factors
Factors that directly contribute to caries development

Figure 1. 1 The interaction of different factors associated with the development of dental
caries. Adapted from Selwitz et al. (2007).
Dental caries develops over time by the activity of microorganisms that form acidic byproducts as a result of their metabolic action (Fontana et al., 2010). Host factors including
tooth surface and saliva act as substrate where these microorganisms accumulate and dental
biofilm is established; ingested food particles, specifically sugars, can play an important role
in the aggressiveness of this dental biofilm bacterial community (Sánchez-Pérez et al., 2010).
Changes in environmental factors that cause caries can lead to changes in the dental biofilm
ecosystem from a state of equilibrium to imbalance, which may favour the growth of
3

cariogenic bacterial species, such as acidogenic and aciduric species (Marsh, 2006; Kidd,
2011).

The presence of cariogenic bacteria within the dental biofilm is necessary to progress the
development of the caries. Mutans streptococci and Lactobacilli species, and Bifidobacteria,
including Scardovia wiggsiae, are cariogenic bacterial species reported to be greatly involved
in the development of dental caries (Tanner et al., 2011a; Kaur et al., 2013). The bacterial
strains in the biofilm metabolise fermentable carbohydrates, and produce weak organic acid
by-products. These acids include lactic, acetic, formic and propionic, and have been
demonstrated to produce demineralisation of the inorganic parts of enamel and dentine
(Fejerskov, 2004; Cummins, 2013). Thus, the pH at the tooth surface drops below the critical
pH of the tooth tissue (for enamel pH 5.5, for dentine pH 6.4), resulting in tooth surface
demineralisation (Featherstone, 2004). Frequent cycles of demineralisation of tooth structures
can cause dissolution of tooth mineral components such as calcium, phosphate, and carbonate,
and thus eventually tooth cavitation can occur (Featherstone, 2004; Cummins, 2013). As a
lesion progresses, acids gain access to deeper layers causing further dissolution (Selwitz et al.,
2007), in a process that may take several months or even years.

Clearly, several factors are important in the caries process: (i) the bacterial composition of
dental plaque, and the predominance of certain cariogenic species; (ii) diet and the
consumption of a diet high in free or non-milk extrinsic sugars, which supplies the cariogenic
bacteria with an appropriate nutrient; (iii) tooth surface susceptibility, whether smooth surface
or pit and fissure surface; and (iv) saliva, for example the concentration of Ca2+ + PO 4 3- ions,
which may aid remineralisation of enamel. Saliva also contains hydrogen carbonate, which
acts as a buffer for pH, and several antimicrobial proteins. The demineralisation and
remineralisation activity at the enamel surface is therefore complex (Kutsch and Cady, 2009;
Fontana et al., 2010).

1.1.2 Mechanism of dental caries development
Tooth enamel is initially comprised of hydroxyapatite crystals (HA) of chemical composition
Ca 10 (PO 4 ) 6 (OH) 2, surrounded by calcium, phosphate, and fluoride minerals derived from oral
fluids (Dawes, 2003). In neutral pH, there is a dynamic balance between the tooth mineral
contents and the oral fluid mineral. Saliva plays an essential role in maintaining the health of
soft and hard tissues in the oral cavity (Zero et al., 2009). The quality and quantity of saliva
and its buffering properties affect the dissolution and precipitation of enamel HA crystals.
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Saliva is a supersaturated solution with respect to calcium and phosphate, and this is essential
to prevent the demineralisation of the hydroxyapatite crystal lattice (Usha and
Sathyanarayanan, 2009).

As mentioned previously, the development of dental caries is initiated when acidogenic
bacteria in the dental biofilm begin to produce an acidic environment from available dietary
sugars. In response to such acidic production, a rapid drop from a neutral pH of 7.0 to acidic
pH 5.0 or even less occurs within the fluid of the enamel biofilm (Featherstone, 2004). When
the enamel surface is exposed to fluid below the critical pH (5.5), there is a net loss of
hydroxyapatite. When the pH level of the oral environment becomes acidic, most of the
phosphate ions (PO 4 3-), and the hydroxyl ions (OH-) tend to react with the hydrogen ions (H+)
derived as a result of interference between tooth and dental plaque biofilm, and form chemical
compounds like HPO 4 2- and H 2 O (Usha and Sathyanarayanan, 2009; Chen and Wang, 2010).
A further combination of hydrogen ions (H+) with HPO 4 2- occurs under more acidic oral
environment conditions that can be created by the bacterial metabolic activity to form a more
acidic compound when the dietary carbohydrates are available to form a compound, which is
H 2 PO 4 2- (Usha and Sathyanarayanan, 2009), as a result of the dissolution of tooth enamel
hydroxyapatite crystals, which occurs as follows:
Ca 10 PO 4 6OH 2 + 14H+

10Ca2+ + 6H 2 PO 4 2- + H 2 O

This locally occurring acidity is buffered again by oral fluids, the procedure of buffering; the
dynamic equilibrium of minerals is an example of what happens in the demineralisation/
remineralisation process (Dawes, 2003; Usha and Sathyanarayanan, 2009).

In the oral environment, the teeth are continuously affected by dynamic demineralisation and
remineralisation processes. When the pH of the biofilm returns to neutral pH by the buffering
activity of saliva, remineralisation frequently begins to occur (Selwitz et al., 2007). The
equilibrium between demineralisation and remineralisation is responsible for dental caries
progression, arrest or reversal (Aoba, 2004; Chen and Wang, 2010). Each period of
demineralisation is interrupted by a remineralisation period in a dynamic interaction process.
When there is an adequate interval between the acidogenic challenges, demineralisation
effects can be reversed to allow the remineralisation and repair of an enamel lesion. The
demineralisation and remineralisation processes occur frequently in most people (Aoba, 2004)
(Figure 1. 2).
5

Tooth mineral (wt%)

DM>RM

RM>DM

Reversible
Repair

Cavity formation

Irreversible

Time
Figure 1. 2 Dynamic processes of demineralization and remineralisation. The possible
consequences for the loss and gain of tooth mineral within a time interval, based on the
predominance of demineralisation or remineralisation. Adapted from Aoba (2004).
Early detection of the caries process may reverse its progression by using either antibacterial
methods or any preventive measures that accelerate remineralisation or depress
demineralisation (Featherstone, 2004; Chen and Wang, 2010). The non-cavitated lesion may
be repaired by the process of remineralisation and this depends on calcium and phosphate
ions, and fluoride ions (if made available), becoming incorporated within the damaged enamel
crystal lattice structure found within subsurface lesions affected by demineralisation (GarcíaGodoy and Hicks, 2008). These ions rebuild crystals which possess a greater resistance to
future acidic challenges (fluorapatite), and enamel structures present a more compact
microscopic appearance as a result of acquiring salivary calcium and phosphate ions (Chen
and Wang, 2010). In addition, these crystals can be more resistant to acidic attack and less
susceptible to solubility in comparison to the original mineral (Featherstone, 2008) (Figure 1.
3).
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Figure 1. 3 Schematic representation of demineralization and subsequent remineralisation to
form crystals with more resistance to acidic attack and less susceptibility to solubility in
comparison to original mineral. Adapted from Featherstone (2008).
1.1.3 Dental caries in children
Dental caries in children, or early childhood caries (ECC), is considered to be one of the most
prevalent biofilm-dependent infectious diseases worldwide (Hajishengallis et al., 2017). Preschool children under six, and toddlers of 12 months, can be affected by carious disease,
which is particularly common in children of poor socioeconomic status (Dye et al., 2015).
Untreated carious lesions in children can cause extensive teeth cavitation and destruction, and
rapidly cause painful, pulpitic symptoms, pulp necrosis and apical periodontitis. This is why it
is considered to be a major public health challenge (Casamassimo et al., 2009; Hajishengallis
et al., 2017).

Dental caries in children represents a crucial example of how the disease can consequently
develop from highly cariogenic dental biofilms (Hajishengallis et al., 2017). Such biofilms
are established due to dynamic, complex interactions between the microorganisms of
children’s oral microflora, host, and diet. Soon after birth, and within the first months of
infant life, the mouth of a germ-free baby becomes colonised with different bacterial species
derived from exposure to the surrounding environment, specifically via contact with the
mother, food ingestion, hygiene habits, and contact with other adults and children (Cephas et
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al., 2011). By the age of five months, the complexity of children’s oral microflora has
increased, and the oral environment significantly changes when the teeth erupt (Crielaard et
al., 2011; Xu et al., 2015).

The eruption of teeth can provide new surfaces that act as niches for bacterial adhesion and
accumulation, and a new ecological community can present in the oral environment
(Sampaio-Maia and Monteiro-Silva, 2014). At this stage, some cariogenic Streptococcus
species such as the S. mutans are thought to begin their colonisation, in a phase known as the
‘window of infectivity,’ which can occur based on the fact that the preferred adhesion
surfaces for S. mutans are the tooth surfaces (Caufield et al., 1993). Other studies have
revealed that the colonisation of S. mutans in edentulous children, where the teeth have not
yet erupted, potentially makes the oral soft tissue also act as substrate for the growth of
S. mutans, rather than just the teeth surface (Gizani et al., 2009; Cephas et al., 2011). Thus,
earlier monitoring of baby oral hygiene even before tooth eruption is very important.

Studies of the oral microflora of children aged three to twelve have suggested that the
establishment of dental caries is not only related to a specific pathogenic bacterial species, but
also to the whole bacterial population that colonises the tooth surface (Aas et al., 2008; Gizani
et al., 2009; Kanasi et al., 2010; Ling et al., 2010; Tanner et al., 2011b). Species such as
Streptococcus, Veillonella, Actinomyces, Propionibacterium, Granulicatella, Leptotrichia,
Thiomonas, Bifidobacterium, and Atopobium have been recorded as the pathological
population associated with the occurrence of ECC in children, rather than any single species
(Li et al., 2007; Kanasi et al., 2010; Ling et al., 2010). Such microbial populations vary
among different cariogenic lesions and degrees of cavitation (Richards et al., 2017). Early
coloniser species, such as S. sanguinis, S. mitis, and S. oralis, have been detected in the initial
demineralisation of tooth enamel, while species like S. mutans and Lactobacillus were absent
in such lesions (Takahashi and Nyvad, 2008; Ling et al., 2010; Richards et al., 2017).
In enamel lesions, the non-mutans Streptococci and Actinomyces have been recognised as the
predominant bacterial species, while S. mutans colonisation in white-spot lesions, although
relatively low, but in comparison to clinically healthy sites, this relatively low number is
considered to be high (Van Houte et al., 1991; Richards et al., 2017). In addition, it has been
demonstrated that S. mutans colonisation with other acidogenic/aciduric bacterial species,
such as Scardovia wiggsiae, Parascardovia denticolens, and Lactobacillus salivarius, are
extensively predominant in active cariogenic lesions as well in caries cavitation in tooth
dentine (Gross et al., 2010; Tanner et al., 2011b; Tanner, 2015). Thus, in the advanced stages
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of dental caries in children, S. mutans is considered an important bacterial species associated
within cariogenic lesions (Sampaio-Maia and Monteiro-Silva, 2014; Richards et al., 2017).

1.1.4 Prevention of dental caries
The main strategies of dental caries prevention aim firstly to prevent disease occurrence by
improving oral health status (Moyer, 2014). Other preventive strategies may aim to arrest or
reverse the establishment of the caries lesions, by either initiating protective factors or
reducing the effect of pathological factors (Featherstone, 2004; Chen and Wang, 2010).
Dental caries prevention in children and adolescents is preferable to the treatment of dental
caries and more cost-effective, and is thus considered a priority of dental services (Marinho et
al., 2013). When designing preventive treatment plans, one should consider the particular
needs of each patient, and for all paediatric patients preventive care is a necessary constituent
of treatment planning (Zero et al., 2009).

The preventive strategies may not only be dependent on conventional ways and models of
dental care. It is important to use an approach which utilises dental, medical, and other health
care professional in its delivery. In addition to an individualised approach, the evaluation of
public health should include measures of caries prevention. The carers of children play a
primary role in the prevention of dental caries (Pahel et al., 2011). In order to deal with either
preventing or arresting carious lesions, different measures have been suggested. It is the
responsibility of the dental professionals to select the appropriate preventive measures for
each specific clinical situation, based on evidence from the patient’s dental profile, and
application of more than one measure may be required for caries prevention (Frencken et al.,
2012). These measures can include: (i) diet counselling and sugar substitutes; (ii) fluoridated
agents, (iii) the infiltration method; and (iv) pits and fissure sealants. These will now be
addressed in more detail.

(i) Diet counselling and sugar substitutes: diet control is an important factor that can involve
managing the establishment of a carious lesion in relation to the intake of sugars and other
fermentable carbohydrates (Frencken et al., 2012). Dietary control measures are most
important for people at high risk of caries and for whom the practice of using different
fluoride agents is unavailable (Frencken et al., 2012). There are interactions between
cariogenic food consumption, oral hygiene, and saliva availability, and fluoride can also lower
the demineralisation of enamel and dentine due to the destructive effect of cariogenic food
consumption (van Loveren and Duggal, 2001). Thus, using sugar alternatives such as xylitol
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and sorbitol can help reduce cariogenic sugar consumption, and it has been demonstrated that
chewing sugar-free gum with sugar substitute immediately after meals may reduce the
progression of established cariogenic lesions (Chou et al., 2013; Riley et al., 2015).

(ii) Fluoridated agents: fluoride is a naturally available element found in water and plants
(Petersen and Lennon, 2004; Keels et al., 2008). It is of great importance in decreasing dental
caries when applied systemically through its addition to water, milk, and salt, or topically by
professional or self-application as a tooth paste, gel, varnish or mouthwash (Frencken et al.,
2012). Fluoride can minimise the dissolution of enamel and accelerate its remineralisation,
and in addition it has antimicrobial effects at low pH levels (Lynch et al., 2004; Chen and
Wang, 2010). In systemic fluoride application, fluoridated water can reach whole
communities (Iheozor-Ejiofor et al., 2013; Carey, 2014). Fluoridated milk has been shown to
have a beneficial effect on the permanent dentition of school children, and the same was
demonstrated with the role of fluoridated salt and its prevention in caries in permanent
dentition (Yeung et al., 2005; Yengopal et al., 2010; Frencken et al., 2012). The application
of fluoride topically via toothpaste, mouth rinses, gels, and fluoridated varnishes shows
effectiveness in carious lesion incidents, regardless of using another fluoride route at the same
time (Walsh et al., 2009; Weyant et al., 2013; Carey, 2014).

(iii) Infiltration method: this preventive measure has been suggested for non-cavitated carious
lesions in enamel developed on buccal and proximal tooth surfaces (Paris et al., 2007). The
prevention concept of this application is based on infiltration of a low-viscosity resin material
(‘infiltrant’) into the porosities of enamel lesion, etched by hydrochloric acid prior to resin
application, and then hydrogen ions are diffused through barriers formed by the infiltrant.
This prevents the progression of the existing carious lesion (Paris et al., 2010). The superior
effect of this application has been revealed when combined with fluoride varnish in the
treatment of the proximal tooth surfaces of primary molars involved with superficial carious
lesions (Ekstrand et al., 2011). The arrest of lesions has been shown to be superior than when
using fluoride varnish alone. However, such preventive efficiency was not shown in reducing
the progression of the same carious lesion in permanent teeth (Martignon et al., 2012). The
available evidence on the preventive effect of the infiltration method on enamel lesions and
further randomised clinical trials may make it a promising micro-invasive method that can be
applied to reduce the progression of enamel lesions (Kielbassa et al., 2009; Frencken et al.,
2012).
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(iv) Pit and fissure sealants: the pits and fissures of a tooth’s occlusal surface have been
described as one of the main factors in caries risk due to their morphology (Powell, 1998).
Thus, such risk has been frequently seen more with molars than in premolars (Feigal, 2002).
Sealant strategies aim to convert the uneven surface of pits and fissures into a smooth surface
that is easier to clean, and protects from the accumulation of hidden fermentable food
substrate that can encourage the colonisation of bacteria (Feigal and Donly, 2006). Pit and
fissure sealants not only act as a preventive measure, but can be effective in arresting the noncavitated carious lesion in the enamel of the pit and fissure areas (Griffin et al., 2008).
Generally, resin composites and glass-ionomer cements are the most popular dental materials
used as pit and fissure sealants (Ahovuo-Saloranta et al., 2013). It has been reported that the
preventive effect obtained from using pit and fissure sealants recorded superiority over the
preventive effect achieved from the application of a fluoride varnish (Hiiri et al., 2010;
Ahovuo-Saloranta et al., 2016).

1.2 Dental Plaque Biofilm
Dental plaque represents a classic example of a mixed species biofilm community, in which
up to 700 different species of bacteria interact with one another (Marsh, 2006). This bacterial
community is embedded in a matrix of polymers that originates from the host and bacteria
(Socransky and Haffajee, 2002; Marsh, 2004). Living in a biofilm community can make
different bacterial species able to resist antibacterial agents 1,000 times more than living as
planktonic cells (Zhang and Mah, 2008). Mediation of such resistance can be achieved by
resilient intercellular matrices, slow growth of bacterial cells, and up-regulation of biofilm
cells’ antimicrobial systems (Zhang and Mah, 2008). Additionally, bacterial growth in
biofilms and their tight adhesion mechanisms to the underlying substrate, make the removal
of biofilms by physical or chemical methods difficult (Jakubovics and Kolenbrander, 2010).

Intact mature dental plaque is relatively stable, where there is a dynamic equilibrium of
cooperative bacteria inside the community that maintains microbial homeostasis (Percival et
al., 2011). The bacterial colonisations of dental plaque biofilm accumulating on the soft and
hard tissues of the oral cavity are continuously affected by changes in the condition of the
surrounding environment (Marsh and Devine, 2011). The pH level, sucrose, and presentation
of nutrient substances are important environmental factors that have been demonstrated to
have profound effects on oral biofilms, which in turn can impact the pathogenicity of the
dental biofilm (Burne and Marquis, 2000). As an example, when plaque is continuously
exposed to a lowered pH level, this may cause the repression of acid-sensitive bacterial
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species, and overgrowth of aciduric and acidogenic bacteria, such as Mutans streptococci and
lactobacilli, which can have a crucial effect on the development of dental caries (De Soet et
al., 2000).

1.2.1 Mechanism of dental plaque development
The development of dental plaque occurs in organised stages that result in the establishment
of a bacterial community containing different bacterial species, living inside highly organised
structures, and functioning as a communal environment (Marsh, 2004). The early steps in
biofilm establishment start with the adsorption of the saliva acquired pellicle on a tooth
surface following cleaning (Forssten et al., 2010); the cleaned enamel is coated with a mixture
of complex components such as (glyco) proteins, including acidic proline-rich proteins,
enzymes and mucins. Then, early colonising bacteria such as Streptococcus gordonii,
Actinomyces oris, and Veillonella spp. attach to these components, forming a bacterial
community (Kolenbrander et al., 2010). Secondary colonisers such as S. mutans then attach to
the primary colonisers community that has already formed through a co-adhesion process
(Marsh, 2006). A rapid growth period then occurs and the biofilm matrix begins to form by
the accumulation of water-insoluble extracellular polysaccharides and other extracellular
polymers (Kaplan, 2010). Furthermore co-aggregation between different bacterial species is
thought to promote the attachment of different species, thus leading to an increase in the
complexity of the dental biofilm (Jakubovics and Kolenbrander, 2010; Reddy et al., 2012).

Biofilm growth continues until maturation stage, which may take about 24h; at this stage,
biofilm detachment can take place (Kolenbrander et al., 2006; Kim et al., 2014), and is
recognised when the biofilm surface begins to separate and detach from the colonised surface
(Hojo et al., 2009) (Figure 1. 4). In addition, some colonies of bacterial cells detach and move
to other areas and start to create new bacterial biofilms elsewhere in the mouth (Reddy et al.,
2012). Mature biofilms are essentially in a steady state and there is a balance between growth
and detachment. In steady phase, the bacterial cells located deep in biofilm show the feature
of slow growth or appear static, near to a non-vital appearance, while the bacterial cells that
are positioned near the surface of the biofilm have been shown to remain intact (Reddy et al.,
2012). Areas of primary calculus mineralisation may appear as crystals and can be identified
inside the inter-bacterial matrix (Gurenlian, 2007).
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Figure 1. 4 A diagram illustrating the stages of biofilm development on the tooth surface.
1. Attachment of early colonisers with salivary pellicle. 2. Subsequent binding and
colonisation is associated with cell-cell adhesion, known as coaggregation. 3. The mature
biofilm contains areas of high bacterial cell density under different activities, including
competitive interaction, metabolic communication, genetic exchange, and bacterial
communication by quorum sensing. The biofilm community acts as a barrier towards
antibiotics and oxygen. Image from Hojo et al. (2009).
1.2.2 Structure of dental plaque
The structure of dental plaque is complicated, as the aggregated bacterial cells as microcolonies form about 15-20% of the biofilm volume. These micro-colonies are hydrated
structures that have an affinity to combine chemically with water, and are spread within a
matrix of polysaccharides, and other polymeric substances (Socransky and Haffajee, 2002).
The mixed bacterial species of these colonies are surrounded by a biofilm matrix, and they are
well organised in their distribution within the matrix. The dental plaque biofilm matrix is
comprised mainly of water and aqueous dissolved substances derived from a combination of
polysaccharides, protein, salts, and cell materials (Venkataramaiah and Biradar, 2011).

The polysaccharides are mainly formed by the bacterial species of biofilm, they are
considered to be the major constituent of biofilm matrix (Xiao and Koo, 2010). It has been
shown that with sucrose addition more polysaccharide can be produced in S. mutans UA159
monoculture biofilm developed on salivary coated hydroxyapatite discs under a flow system.
Most biofilm matrices are enriched with polysaccharides, including dental biofilms. The
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polysaccharides represent up to 40% of the dental biofilm dry weight (Xiao and Koo, 2010).
Dental plaque biofilm polysaccharides can be categorised into two types: exopolysaccharides
(EPS) and intracellular storage polysaccharides (IPS) (Koo et al., 2003; Koo et al., 2005;
Leme et al., 2006).

Exopolysaccharides are formed by bacterial glucosyltransferases (GTFs), which convert
sucrose to glucans, or fructosyltransferases, which produce fructans from fructose (Hamada
and Slade, 1980; Bowen, 2002). The EPS is a complicated structure that assists in supporting
biofilm structures (see Section 1.3.6).

Intracellular polysaccharides act as an internal reservoir of carbohydrates, which are
metabolised to form acids when there are intervals of nutritional substance deficiency
(Allison, 2003; Branda et al., 2005). Different bacterial species isolated from dental plaque
have been demonstrated to have the ability to produce IPS, such as streptococci, diphtheroids,
fusobacteria, and Bacteroides sp. (Gibbons, 1964). In addition, species such as S. mutans, A.
viscosus, and S. mitis can produce lactic acid from IPS (Minah and Loesche, 1977).
Intracellular polysaccharides are glycogen-like compounds of high molecular weight,
including polymers with 1α4, and 1α6 glucosyl linkages that supply an endogenous source of
carbohydrate to bacterial cells when there are periods of nutritional deficiency (Tanzer et al.,
1976; Leme et al., 2006).

The cariogenic features of dental plaque biofilm are greatly affected by both EPS and IPS
(Allison, 2003; Branda et al., 2005; Lemos et al., 2005). The influences of EPS and IPS on
dental plaque biofilm cariogenicity have been clearly illustrated within at least two important
pathways. Firstly, this occurs when EPS encourages bacterial attachment and aggregation on
tooth surfaces, and leads to changes in the biochemical and structural characteristics of
biofilm (Xiao et al., 2012). Secondly, it occurs when IPS causes low fasting pH ranges during
periods of nutritional deficiency, which, by turn, can cause a predominance of cariogenic
bacteria and progression in caries development (Spatafora et al., 1995).

Within dental plaque, different bacterial cells may rapidly multiply and seem to cause the
enlargement of micro-colonies (Hentzer and Givskov, 2004). The growth and enlargement of
the colonising community may be restricted by the availability of substrate. Variation in the
appearance of bacterial micro-colonies is regulated by the shear forces resulting from the
passage of fluid over the biofilm’s surface (Venkataramaiah and Biradar, 2011). In vivo, the
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developed dental plaque sample established by using an in situ device has demonstrated the
formation of mushroom shapes, which frequently result from the distribution and size of the
voids. It has a relatively narrow attachment at the base toward the enamel, with a larger
biomass of biofilm more superior in position (Wood et al., 2000).

Studies on biofilm voids have shown an appearance of structures resembling water channels
located and connected between bacterial micro-colonies, acting as a rudimentary circulatory
system. This primary circulatory system spreads on the biofilm and provides a facilitative
flow of nutritional substances to interior areas within the biofilm, at the same time removing
microbial waste products. This provides a suitable environment for the survival of mixed
species bacterial micro-colonies within dental plaque biofilm (Costerton et al., 1999; Paster et
al., 2006; Dige et al., 2009). Dental plaque structure is an essential factor in categorising both
the microbial physiology and indicating the ecology of the biofilm site, as the bacterial
behaviour can be affected by biofilm thickness, density, biofilm structure openness, and the
ratio of cell: matrix (Strużycka, 2014).

1.2.3 Dental plaque and dental caries disease
Carious lesions can develop under a mature dental plaque that coats a specific tooth surface
for a long period (Peterson et al., 2013), where some of the biofilm microorganisms that
belong to the natural oral cavity flora can cause the lesion (see Section 1.1.1). The
identification of caries pathogens is not easy as the pathological condition happens in areas
that already include various aggregations of bacterial species, and the features that are related
to cariogenicity, such as the production of acid, affinity to acidic environment, and the
formation of intracellular and extracellular polysaccharide, are not only associated with single
bacterial species (Beighton, 2005).

Bacterial micro-colonies of dental plaque biofilm are in close physical contact, and this
structure is thought to be important for dental caries. Bacterial species in close proximity with
one another in biofilms can form food chains with acidogenic bacterial species to regulate the
outcome of their cariogenic influence (Marsh et al., 1989; Marsh, 2006). There is evidence
that species that utilise lactic acid such as Veillonella spp. benefit acid producers such as S.
mutans as they limit acidification in the local environment (Kara et al., 2007). However,
eventually the accumulation of acidogenic species like Streptococcus mutans, and
Streptococcus sobrinus), and Lactobacilli, or sometimes Streptococcus salivarius, or many
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others, is dangerous in terms of dental caries as the rapid production of large quantities of acid
close to the tooth surface will demineralise the enamel (Loesche, 1986; Becker et al., 2002).

These bacterial species have the ability to metabolise sugars included in the daily diet to acid
at a rapid rate, thus lowering the pH level locally (Sansone et al., 1993; Brailsford et al.,
2001). In addition, the disease condition seems to be caused by the non-equilibrium of the
mixed bacterial species community of biofilm as a result of selective growth circumstances
within the surrounding bacterial community. Thus, entrapment with such a growth
environment can have an effect on the control of competitive pathogenic bacterial species,
that by turn can minimise the occurrence of oral diseases, especially the incidence of dental
caries (Marsh, 2006).

1.2.4 Methods of dental biofilm control
Control of dental biofilm is considered an important way to treat biofilm-related oral disease
such as the dental caries (Jakubovics and Kolenbrander, 2010). Removing as much as
possible from the accumulated dental plaque on the tooth surface may represent a primary
step in plaque-related disease management. A further approach to control is by interfering
with the accumulation of dental plaque by controlling microbial adhesion, interbacterial
communication, or biofilm matrix establishment (Jakubovics and Kolenbrander, 2010;
Panariello et al., 2017).

Prevention of dental caries may be achieved by further understanding the complexity of
biofilms are formed on tooth surfaces. Increasing salivary flow or activation of the secretion
of protective salivary protein can cause an alteration in the oral microflora and increase oral
defence mechanisms (Atkinson and Baum, 2001; Zheng et al., 2001). Knowledge of the
dental flora acts as a fundamental requirement for the development of dental caries preventive
strategies. There are two clear targets for microbiological caries control. First, there is the
symbiosis that exists among dental plaque bacterial community that may be established by
either the probiotic microorganisms, which can have the ability to disturb the binding site
between the host tissue (for example dental tissue) and other bacterial species (Meurman,
2005; Allaker and Douglas, 2009), or replacement therapy using bacterial species that
compete with the pathogenic bacterial species in dental plaque and reduce their effect
(Hillman et al., 2000; Hillman, 2002). Second, since only a small number of dental flora
organisms can cause caries, the objective is to disrupt their colonisation (Pahel et al., 2011).
The ability to identify the cariogenicity of dental biofilms and evaluate the metabolic
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activities of the microbial community in dental biofilms can successfully manipulate the
control of the progression of dental caries (Lingström et al., 2000; Pretty et al., 2005; Cagetti
et al., 2011).

Using antimicrobial agents in different forms such as pastes or mouth washes is considered to
be one means of reducing dental plaque biofilm (Wolff and Larson, 2009). Fluoride forms
such as stannous fluoride and amine fluoride, in addition to numerous metallic ions, have
shown antimicrobial effectiveness (Gaffar et al., 1997). A combination of fluoride, insoluble
calcium compound, and arginine in toothpaste has the ability to reduce biofilm pathological
factors when targeting dental plaque, and thus prevent the initiation of the caries process
(Cummins, 2013; Fu et al., 2013). Tooth brushing may not remove all the accumulated
biofilm on surfaces, so the arginine activity here by deiminase the non-pathogenic arginolytic
bacterial species pathway and recruit their ability to analyse the arginine to ammonia for
neutralising the dental plaque acidity and keeping the unremoved biofilm intact. At the same
time, the presence of calcium fluoride can enhance tooth remineralisation rather than
demineralisation (Cummins, 2013).

Furthermore, chemoprophylactic agents such as chlorhexidine (along with other antimicrobial
agents such as Triclosan and essential oils) have been used for many years as mouth washes,
gels or varnishes to provide a longer inhibitory effect by the propriety of slow release of
agents (Balakrishnan et al., 2000; Chen and Wang, 2010; Frencken et al., 2012). In spite of
this, they all have drawbacks making their application limited, such as the tooth staining and
calculus formation that can be caused by chlorohexidine (Chen and Wang, 2010). Things like
vaccines, AMPs, and probiotics etc. are still experimental, but they may have potential (Chen
and Wang, 2010; Frencken et al., 2012). As long as the development in the destructive
characteristics of caries process is associated with the cariogenicity of dental plaque
(Lingström et al., 2000), defining dental biofilm cariogenicity may be a useful aid that
predicts the risk of dental caries (Cagetti et al., 2011).

1.3 Oral Microflora
The microflora inside the oral cavity represents the second most diverse bacterial population
in the body (Kilian et al., 2016). Over 700 different bacterial species have been shown to
colonise different surfaces inside the oral cavity, such as the hard surfaces of teeth and the
surfaces of oral mucosa soft tissue (Kilian et al., 2016). The foetus at birth is germ-free, but
the mouth rapidly becomes colonised with different bacterial species from the surrounding
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atmosphere, and this occurs quickly after birth (Dominguez-Bello et al., 2010). Aerobes and
facultative species by the second day of life can be detected. Following the eruption of
primary teeth, fastidious anaerobes have been recognised within the oral microflora
(Sampaio-Maia and Monteiro-Silva, 2014).

The complexity of children’s oral microflora increases with age (Crielaard et al., 2011), and
in addition the shedding of deciduous teeth and eruption of permanent teeth can make the oral
environment change significantly (Xu et al., 2015). The eruption of teeth and changes in
levels of hormones that occur with development and ageing are associated with changes in the
oral microflora, and the balance of different species within the oral community can be
affected (Marsh et al., 2015). Bacterial attachment is distributed among the mucosal tissue
surfaces of the lips, palate, cheek, and tongue, as well as on hard tissue surfaces, i.e. teeth
(Dewhirst et al., 2010; Xu et al., 2015). On teeth, supragingival dental plaque is above the
gum line and is a primarily aerobic environment exposed to saliva, whereas subgingival
dental plaque forms below the gum line and has lower oxygen tension and little or no
exposure to saliva. Instead, subgingival dental plaque is fed by gingival crevicular fluid, a
serum exudate (Marsh et al., 2015).

The individual physical and biological characteristics within each tissue surface result in
variation of the oral microflora composition. These include the existence of receptors
facilitating the bacterial-surface linkage, the provision of bacterial nutritional needs, and the
redox prospective of the attachment site (Marsh and Devine, 2011). These bacterial
accumulations have been identified as host protective against the exogenous incursion of the
pathogen (Ivanov and Honda, 2012), representing the native bacterial species of the oral
microflora. Several of these species have been considered for their responsibility in causing
two of the most widespread oral diseases, dental caries and periodontitis (Loesche, 1979;
Rosier et al., 2014). Therefore, oral health is relative to understanding the ecology of oral
microflora and is important for the prevention and treatment of associated oral diseases
(Keijser et al., 2008). Additionally, systemic diseases such as bacterial endocarditis,
aspiration pneumonia, osteomyelitis in children, preterm low birth weight, and cardiovascular
disease are connected to definite bacterial species from oral microflora (Han and Wang,
2013).
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1.3.1 Microbial population of oral microflora
Oral microflora or microbiota refers to all the microorganisms, and their collective genome,
which exist in the human oral cavity (Chen and Jiang, 2014). Different bacterial species
represent the predominant resident, and other oral microbiota include fungi, archaea, viruses
and protozoa (Wade, 2013; Chen and Jiang, 2014). It is important to understand the diversity
of oral microflora due to their involvement in oral health and disease (Takahashi and Nyvad,
2011). Microbial colonisation on host surfaces leads to the development of communities that
are organised structurally and metabolically, known as biofilms. On the host surface, the
microbial community within the established biofilm is exposed to different environmental
conditions such as nutrition, atmosphere, pH, and redox potential (Marsh and Devine, 2011).
At different sites within the oral cavity at which the biofilm is attached, these conditions can
vary; in addition, environmental alterations occur according to health and any disease
condition. Due to such variation in the environmental conditions, the microorganisms also
change by changing their genome expression, either to downregulate or upregulate the
expression to accommodate these changes (Marsh and Devine, 2011).

The chronological changes that occur in oral cavity biologies, such as tooth eruption, either
primary or permanent, saliva flow rate, and changes in the host immune system, can lead to
alterations in the structures of these communities as well as the metabolic action of the
contained organisms (Marsh et al., 2015). Additionally, smoking and medicine uptake as a
requirement of individual lifestyle or need can also be included as a causal factor in the
alteration of the oral biofilm microbial communities (Delima et al., 2010; Costello et al.,
2012; Arrieta et al., 2014). The components of an individual’s diet also affect oral microflora,
and there is a profound effect in the case of frequent intake of sugar, even though the ordinary
daily diet in general has relatively little influence on the oral microflora (Marsh et al., 2015).

Using next generation sequencing, several studies have shown that a number of genera are
present in the oral cavities of almost everyone: Streptococcus, Veillonella, Granulicatella,
Neisseria, Haemophilus, Corynebacterium, Rothia, Actinomyces, Prevotella,
Capnocytophaga, Porphyromonas and Fusobacterium (Keijser et al., 2008; Zaura et al.,
2009; Maddi and Scannapieco, 2013; Sturgeon et al., 2013). Most studies of the oral
microflora have concentrated on the dental biofilms accumulated on tooth surfaces. Variations
in the environmental characteristics of the different dental surfaces where the oral
microorganisms are attached lead to greatly diverse microbial compositions (Wright et al.,
2013). The resident microorganisms in dental biofilms depend on complex host molecules,
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like proteins and glycoproteins, for their nutritional demands. Catabolism of these molecules
occurs sequentially by the different bacterial species of the oral bacterial community (Wright
et al., 2013).

On the tooth surface, supragingival dental plaque is composed of mostly gram-positive
bacteria (such as Streptococcus spp.), which are facultatively anaerobic. Saliva is a key source
of nutrients (Marsh et al., 2015), and the colonised bacteria are also able to metabolise host
and dietary sugars. By contrast, mature subgingival dental plaque is occupied mostly by
gram-negative species that are obligatory anaerobic. The biofilm community of this site gains
nutrients primarily from gingival crevicular fluid, and the proteolytic style of metabolism is
performed by the colonised bacterial species (Marsh et al., 2015).

Thus, the structure and metabolic activity of colonised bacterial species at a particular site are
affected by, and impact upon, the surrounding oral environment in a dynamic relationship.
The oral microbiota composition can stay stable over time due to this dynamic relation. This
stable biofilm composition can be altered when the local environment and individual lifestyle
deviate, as mentioned previously, tending the biofilms toward disease (Marsh et al., 2014;
Marsh et al., 2015). During progression from health to disease, the balance of bacterial
diversity changes from a stable ‘microbial homeostasis’ to what is known as dysbiosis (Gross
et al., 2010).

1.3.2 Bacterial interactions in oral biofilms
Dental plaque, as an example of an oral biofilm, starts to develop by adhesion between
specific bacterial species and the acquired enamel pellicle on a tooth surface (Kolenbrander,
2011). This early attachment is facilitated by specific and non-specific interaction with
adsorbed organic conditioned biofilm components, due to the physicochemical interaction;
this results in bacterial microcolonies because of further co-adhesion and growth (Rickard et
al., 2003). The physical, chemical, and metabolic interactions that occur among different oral
bacterial species are essential to preserve their relationship inside the biofilm community, and
are essential processes for driving the development of dental biofilms (Kolenbrander et al.,
2010; Jenkinson, 2011; Wright et al., 2013). Further bacterial growth within the biofilm can
occur by intergeneric coaggregation between genetically dissimilar bacterial partners, and this
leads to close interaction of these partner cells, which in turn can help them to exchange
nutrients or signalling molecules with one another (Kolenbrander et al., 1990; Peters et al.,
2012).
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Bacterial cells continue to accumulate for further biofilm development, and communicate
with each other via the chemical interaction process of signalling diffusion named ‘quorum
sensing’ (QS). Cell-cell communication through QS is mediated by ‘QS molecules’, small
secreted molecules that are produced, secreted, and recognised by the bacterial community of
the biofilm. Gram-negative bacteria, for example, can produce specific QS molecules which
are acylated homoserine lactones (HSL), but these molecules have not been detected in oral
biofilms (Jarosz et al., 2011). However, certain gram-positive bacteria can secrete small
signalling peptides for species-specific QS, and there are other QS molecules that can be more
generic and are produced by both gram-negative and gram-positive bacteria, such as
autoinducer-2 (AI-2). This is a complex molecule (actually six different molecules that form
an equilibrium, but the main one is (S)-4,5-Dihydroxy-2,3-pentandione, usually abbreviated
to DPD) that is the product of the bacterial luxS gene (Loo et al., 2000; Cvitkovitch et al.,
2003; Krom et al., 2014). All of these molecules of QS and whichever system produced them
are important for interbacterial signalling inside the biofilm community (Jarosz et al., 2011).

The microbial configuration and formation of biofilm within the oral cavity is affected by AI2 mediated QS between bacteria (Wright et al., 2013). Adhesion of certain bacterial species in
the oral biofilm can be reduced by inhibition of AI-2 signalling (Jang et al., 2013).
Metabolic interactions are also thought to be critical for oral biofilm development. Direct
metabolic interaction involves metabolite production by one bacterial species and ingestion by
another species, for example, the metabolic interaction between the Streptococci and
Veillonella occurs when a carbon source is available (Gross et al., 2012). Harmonised
regulation in different species gene transfer is another form of interspecies interaction, which
is also essential for the three-dimensional distribution of the oral biofilm bacterial community
(Liu et al., 2016). Different phenotypes, such as the regulation of metabolic level,
antibacterial compounds resistance, or biofilm formation ability, have all been found to be
provided by the horizontal transfer of genes. In addition, certain defence characteristics within
oral biofilm can develop as a result of this bacterial interaction, such as improving the
resistance of the biofilm community against antibiotics, and the protection of biofilm from
other traumatic stress, including host immune responses (Liu et al., 2016).
1.3.3 Early coloniser bacterial species in dental biofilm
Certain microorganisms in the oral cavity such as streptococci are well-adapted to colonise
clean tooth surfaces and these are known as early or ‘pioneer’ colonisers. Initially, the enamel
of the tooth surface is coated by the acquisition of salivary pellicles. Different receptors
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required for the attachment of the primary coloniser of dental plaque are found within these
pellicles, such as proline-rich proteins (PRPs), phosphate-rich proteins (statherin), and alphaamylase (Mancl et al., 2013). When colonising the enamel surface, early coloniser bacterial
species attach to salivary pellicle (Scannapieco, 1994), and their individual source of nutrition
is achieved by metabolising the salivary component (Palmer et al., 2001; Zhou et al., 2016).

Early colonisers are capable of coaggregating with other bacterial species and with saliva
pellicles components (Palmer et al., 2003; Yoshida et al., 2005). Thus, they facilitate the
colonisation of other bacteria, such as the species of Actinomyces, Veillonella and
Haemophilus (Donlan and Costerton, 2002). The biofilm grows and increases in complexity,
as other later colonisers attach (Flemming and Wingender, 2010). The early colonisers are
critical for the whole process of biofilm development, and potentially impact the health or
disease status of the host (Kreth et al., 2009a; Whitmore and Lamont, 2011). More mature
biofilms contain extracellular matrix substances that stabilise the biofilm and form a
supporting skeleton for further division and growth of bacterial cells, and the development of
a multispecies, three dimensional biofilm community (Hoiby et al., 2011; Mancl et al., 2013).

1.3.4 Cariogenic bacterial species in dental biofilm
Dental caries is considered to be an unusual disease. In order to occur, what is required is both
the cariogenic bacterial species and the presence of fermentable dietary carbohydrates,
transformed to lactic acid by the digestive activity of these cariogenic bacteria. Consequently,
carious lesions result due to the demineralisation of tooth surfaces by the lactic acid produced.
Therefore, ideally, any bacterial species with the ability to convert sugar to lactic acid is
considered to be potentially cariogenic (Scannapieco, 2013). Different cariogenic bacterial
species exist in the oral microflora, living within the microbial community without being the
cause of the development of dental caries, as long as a symbiotic relationship is predominant
in the microbial community (Kilian et al., 2016). A shift in the existence of these cariogenic
bacterial species within the dental biofilm accumulating on tooth surfaces causes dysbiosis in
the biofilm microbial community, and dental caries can develop as a result (Scannapieco,
2013).

Studying different bacterial samples obtained from caries-free individuals and those with
established carious lesions has revealed the presence of polymicrobial infection in 100% of
the cariogenic lesions; in contrast, the healthy microbial population dominated by gram22

positive cocci and rods had shifted to be dominated by gram-positive anaerobic bacilli (Peters
et al., 2012; Scannapieco, 2013).

Various techniques have been used to investigate the multibacterial population of carious
lesions. The shifting of the population has been noticed within the cariogenic site using
denaturing gradient gel electrophoresis (DGGE) assessment. Additionally, a comparison of
patients with active carious sites and healthy controls has shown an elevation in S. mutans
colonisation associated within carious sites (Li et al., 2005). Other studies have shown that S.
mutans is rarely more than a tiny proportion of the total microbiota, even in disease (Aas et
al., 2008; Gross et al., 2010; Gross et al., 2012).
Bacterial species have been cultured from children with early childhood carious lesions as
well as from children free of caries, and these were profiled using DGGE. In this study,
cariogenic characteristics were associated with Fusobacterium and Neisseria, while
Bacteroidetes, Treponema, Prevotella, and Corynebacterium were associated with health (Li
et al., 2007). Extensive screening of oral microbiota isolated from the intact teeth of healthy
children and from children with carious teeth by 16S rRNA sequencing has identified
differences in specific microorganisms between healthy sites or carious lesions. In a healthy
condition, S. sanguinis significantly represented the highest proportion of the total population.
On the other hand Actinomyces gerencseriae, Bifidobacterium, S. mutans, Veillonella,
Streptococcus salivarius, Scardovia wiggsiae, Streptococcus constellatus, Streptococcus
parasanguinis, and Lactobacillus fermentum were associated with the establishment of dental
caries (Becker et al., 2002; Tanner et al., 2011b; Peters et al., 2012).

From those screened species linked to a carious condition, Veillonella has the facility to
metabolise lactate and succinate, and thus are probably simply benefitting from the carious
environment rather than contributing to the disease process. In older people, 16S rRNA
sequencing has been used to investigate differences in the microbial populations in the dental
plaque of healthy individuals and individuals with root surface caries. Higher quantities of F.
nucleatum, Leptotrichia, Selenomonas noxia, Streptococcus cristatus, and Kingella oralis
bacteria were recorded in healthy people. In contrast, Actinomyces, Lactobacillus, S. mutans,
Enterococcus faecalis, Atopobium, Pseudoramibacter, and Propionibacterium bacteria
increased in people with carious root conditions (Preza et al., 2008; Peters et al., 2012). Using
different culture-dependent techniques, such as microscopic examination, cultural analysis,
and enzymatic assays, showed clearly the association of S. mutans with development of dental
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caries, and to understand more about the complexity of the cariogenic biofilm community,
different independent culture techniques, such as 16S rRNA gene sequencing, next generation
sequencing (NGS) methods, and metagenomics, have been used (Peters et al., 2012; Kilian et
al., 2016).

1.3.5 Streptococcus mutans in dental biofilm
Streptococcus mutans are gram-positive facultatively anaerobic bacteria that exist in the oral
cavity on tooth surfaces (Zero et al., 2009). Oral disease development like dental caries is
linked with recognising S. mutans as one of the main causative pathogens (Mattos-Graner et
al., 2014). It is a strong acidogenic microorganism (Takahashi and Nyvad, 2008). Initially, S.
mutans was isolated from carious human teeth by (Clarke, 1924). The term ‘mutans’
originated from observations that the cell morphology changed from cocci to elongated rodshaped cells as the environment became more acidic. Since the creation of an acidic
environment in the oral cavity is a key aetiological factor in dental caries, various studies
were initiated to screen the oral microflora for bacterial species which contributed to acidity.
S. mutans was rediscovered as a strongly acidogenic species in studies around the late 1950s
and early 1960s, and then such studies started to assess the potential of S. mutans to cause
caries (Hillman et al., 2000; Banas, 2004).

Though many different bacterial species are associated with the development of dental caries,
the presence of S. mutans was significant in samples from carious lesions taken at different
stages of ECC dental development (Tanner et al., 2011b). S. mutans has a number of
potential virulence factors thought to be involved in caries: (i) extensive acid production from
dissolution of the tooth enamel because of the S. mutans acidogenicity; (ii) the ability to grow
in an aciduric environment at low pH, as well as challenging other bacterial species in the
biofilm community; and (iii) extensive production of exopolysaccharides, including glucans
and fructans, from sucrose (Takahashi and Nyvad, 2011; Koo et al., 2013). Thus, S. mutans is
particularly well adapted to benefit from low pH environments in comparison to other species
in dental plaque (Falsetta et al., 2012; Lemos et al., 2013).

1.3.6 The role of exopolysaccharides (EPS) in later coloniser biofilm
Biofilms consist of bacterial cells embedded in a matrix of extracellular polymers, and this
matrix is critical for the overall function of the biofilm (Watnick and Kolter, 2000; Branda et
al., 2005). The extracellular matrix is primarily a microbial cell-derived constituent of
biofilm. The matrix forms a three-dimensional (3D) structure, within which there are pockets
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of localised microenvironments (Koo et al., 2013). The matrix is difficult to remove, and is
thought to protect bacteria from antimicrobials, as well as to provide reservoirs for pathogens
and toxins (Koo et al., 2013). In some situations, up to 40% of supragingival dental plaque
dry weight is composed of polysaccharides, depending on plaque age and type of consumed
carbohydrate (Leme et al., 2006).

The process of biofilm assembly and matrix production is thought to occur sequentially as
follows: (i) initial microbial colonisation and metabolic activity leads to the production of an
initial polymeric matrix; (ii) bacterial cells become enmeshed in the EPS matrix, and further
expansion of the 3D matrix occurs as a result of continuous in situ production of the EPS;
(iii) the EPS matrix further develops and becomes more heterogenous as microcolonies of
bacterial cells form (Xiao et al., 2012). In a cariogenic dental biofilm, EPS production is
considered to be an essential virulence determinant in dental caries pathogenesis (Bowen and
Koo, 2011). S. mutans is able to use a range of glucan binding proteins Gbps (GbpA, GbpB
and GbpC) in order to bind to the EPS matrix (Lynch et al., 2007; Lynch et al., 2013). The
major EPS components in cariogenic biofilms, glucans and fructans, are formed by the action
of S. mutans exoenzymes, known as glucosyl- or fructosyl-transferases (GTFs or FTF), which
are present in the pellicle and on microbial surfaces (including non-mutans) of the early
coloniser bacterial species (Koo et al., 2013). Some of these exoenzymes can also be
produced by pioneer species such as S. gordonii, which can make GtfG (Huang et al., 2014;
Ricker et al., 2014), and A. oris, which can produce FTF (Bergeron and Burne, 2001; Yamane
et al., 2013).

The enzymes couple the degradation of sucrose to the formation of polymeric glucan or
fructan chains. Most of the exopolysaccharides retained in dental plaque biofilms are
insoluble and structurally complex glucans (Kopec et al., 1997; Bowen and Koo, 2011). Some
GTF enzymes secreted by S. mutans bind avidly to the pellicle formed on the tooth surface
and to bacterial surfaces. They have the ability to form glucans in situ within minutes when
they are exposed to sucrose consumed by an individual (Klein et al., 2009; Habimana et al.,
2014). GTF are adsorbed on the surface of non-streptococcal oral bacteria (e.g., Actinomyces
and Veillonella spp.) and can enable these species to synthesise glucans, even though they do
not themselves produce GTF enzymes (McCabe and Donkersloot, 1977). Genes encoding
GTFs in S. mutans are upregulated in response to pH and carbohydrate availability, indicating
that environmental sensing is a key factor for the production of the EPS matrix (Li and Burne,
2001).
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S. mutans can metabolise the sucrose and hydrolyse it via excreted protein from their
exoenzymes Gtfs into monosaccharides fructose and glucose; at the same time, the glucose
can be polymerised by these enzymes to form glucans (Banas and Vickerman, 2003). Two
main glucans, which S. mutans has the ability to produce, are mutan, which is an insoluble
glucan with α-1,3-glucan-binding, and dextran, which is soluble glucan with α-1,6-glucanbinding. Both of these glucans are very important for the involvement of S. mutans in
developing the biofilm community. When there is a deficiency in food containing saccharides,
dextran can be useful as a further metabolism substrate. In contrast, mutan has a sticky nature
and can improve S. mutans adhesion and participate in growing the biofilm mass.
Additionally, S. mutans can, rarely, produce a soluble fructan named inulin. This fructan is a
derivative of fructose metabolism and can act as dextran acts in being a store of extracellular
metabolic substrate (Biswas and Biswas, 2005; Takahashi and Nyvad, 2008).

1.3.7 The role of extracellular DNA (eDNA) in biofilms
Extracellular DNA (eDNA) is another major component of the dental biofilm matrix, in
addition to EPS and protein substances (Rostami et al., 2017). Of course, DNA is essential for
all life forms since it is the genetic material of cells. However, the DNA derived from cells
after they die and lyse is not necessarily lost. DNA is a relatively stable molecule, and in
protected environments can sometimes survive intact for thousands of years (Hebsgaard et al.,
2005; Nicholls, 2005). The accumulated eDNA inside the environment can form a key source
of nutrients like phosphate (Dell et al., 2005).

By the mid-1950s, eDNA had been observed in four microorganisms: Staphylococcus aureus,
S. epidermidis, Alcaligenes faecalis, and Pseudomonas fluorescens. The composition of
produced eDNA was shown to be similar to intracellular DNA (Catlin and Cunningham,
1958). The detected eDNA was described as a viscous ‘slime’ that promoted pellicle
formation in broth culture and the surrounding bacterial cells (Catlin and Cunningham, 1958).
Double stranded viscous DNA of high molecular weight can provide structural support for
biofilms. Due to its physical properties, this molecule is ideally suited to providing adhesive
support and protection to microbial cells (Whitchurch et al., 2002; Das et al., 2010). It can
also promote adhesion to hydrophobic substrata when bound to the surface of bacterial cells
(Das et al., 2011).
In different bacterial biofilms, including dental plaque, eDNA is considered a functional
component of the matrix, and a wide range of studies have reported different roles of eDNA
in bacterial biofilms. These include being a source of nutrients for live cells (Finkel and
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Kolter, 2001; Dell et al., 2005), a source of genetic information exchanged by the horizontal
transfer of genetic material (Vlassov et al., 2007), and induced biofilm resistance against
antimicrobials (Mulcahy et al., 2008). It can act as a scaffold to stabilise the biofilm matrix
(Das et al., 2011), as an adhesin (Vilain et al., 2009), and for antimicrobial protection (Jones
et al., 2013). The eDNA appears to be an essential component of the extracellular matrix and
biofilm organisation in many microorganisms (Vilain et al., 2009; Shields, 2014). However,
not all species require eDNA for biofilm formation and eDNA can even act as a barrier to
microbial adhesion (Berne et al., 2010).

Differences also exist between the capacity of different bacterial species to uptake free DNA
and incorporate it into their genetic code. In this regard, a variety of mechanisms have been
described relating to different species releasing DNA into the environment (Jakubovics et al.,
2013). Cell lysis appears to be the most common mechanism of DNA release, and this may be
linked to quorum sensing (QS), autolysins, metabolites, or bacteriocins. Autolysins, for
example, appear to play a major role in eDNA release in many Gram-positive bacterial
species, since the disruption of genes linked to cell lysis leads to the production of bacterial
biofilms containing reduced amounts of eDNA (Thomas et al., 2008; Thomas et al., 2009;
Liu and Burne, 2011). Autolysis involves self-digestion of the cell wall by peptidoglycan
hydrolases, and is a mechanism for programmed cell death in bacteria (Heilmann et al., 1997;
Blackman et al., 1998; Smith et al., 2000; Mercier et al., 2002).

The development, dispersal, and persistence of biofilms has been shown to be affected by
autolysis (Ahn and Burne, 2007; Bayles, 2007; Rice and Bayles, 2008). Although autolysis
kills individual cells, it promotes the survival of the population during periods of stress by the
removal of old or damaged cells from the biofilm community (Rice and Bayles, 2003).
Additionally, autolysis releases eDNA that can promote intercellular adherence, and in turn
stabilises biofilms (Qin et al., 2007; Das et al., 2010). Extracellular DNA can promote
aggregation of bacterial cells in early biofilms, and facilitate their initial attachment to
surfaces. The surface hydrophobicity of a bacterial cell and acid-based interactions increase
due to the presence of eDNA on the cell surface (Das et al., 2010; Das et al., 2011). The
hydrophobic nucleotides of eDNA are shielded (protected) inside the macromolecule, while
the polar sugar-phosphate backbone is exposed, making eDNA essential hydrophilic. Both
polar and non-polar molecules are contained in the bacterial cell wall, and the hydrophobicity
is increased as a result of interactions between the cell wall and eDNA. Here, the eDNA
interacts with the polar sites of the bacterial cell wall, such as peptidoglycan structures,
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leaving the hydrophobic sites free. Aggregation of hydrophobic bacteria occurs with
hydrophobic surfaces as well as with each other, and binding to hydrophilic surfaces has been
shown to increase with the presence of eDNA (Das et al., 2010).

Extracellular DNA interacts with other biofilm matrix polymers, including EPS, and possibly
with proteins (Rocco et al., 2017), thus facilitating biofilm formation by enhancing cell to
surface and cell to cell interactions, in addition to causing the structural integrity and stability
of biofilms (Hu et al., 2012; Jennings et al., 2015). The cross-link between EPS and eDNA in
S. mutans biofilm, for example, can enhance the adhesion of S. mutans cells in biofilm, as
well the strength of the biofilm matrix and surface aggregation. Such incorporation of eDNA
during the development of the biofilm matrix by binding to both bacterial cells and EPS can
play an important role in forming a reliable biofilm matrix (Klein et al., 2010). Extracellular
DNA is also important in the natural exchange of genetic information in streptococci and
other bacteria. When there is coordination between endogenous DNA, exogenous DNA, and
cell lysis via the S. mutans competence system, heterogeneity in the clonal population occurs,
and S. mutans are closely packed with the other bacterial species existing within the biofilm
community (Narisawa et al., 2011).

It is possible that S. mutans may obtain transforming DNA from neighbouring species such as
S. gordonii as a result of the production of bacteriocins that mediate the lysis of S. gordonii
cells (Kreth et al., 2005a). In S. gordonii monocultures, the production of eDNA depends on
releasing hydrogen peroxide (H 2 O 2 ). High levels of H 2 O 2 have been hypothesised to lead
from eDNA release, possibly via the lysis of bacterial cells (Itzek et al., 2011). Extracellular
DNA in other Streptococcus species such as S. mutans can also be released from lysed cells in
association with QS molecules such as competence-stimulating peptides (CSPs) (Petersen et
al., 2005; Perry et al., 2009; Wenderska et al., 2012). Thus, eDNA release can result from
programmed cell death and lysis (Thomas et al., 2009; Liu and Burne, 2011), but can also
occur independently of cell lysis released/secreted in an active manner, by depending on
exogenous H 2 O 2 generated pyruvate oxidase (Pox) under ambient oxygen control, as in
S. sanguinis and S. gordonii release of DNA (Kreth et al., 2008; Kreth et al., 2009b).
S. mutans is an organism that colonises a dental biofilm, and possesses multiple mechanisms
to attach the tooth surface (Crowley et al., 1999; Bowen and Koo, 2011; Lemos et al., 2013).
Both EPS and eDNA are important components of the biofilm matrix (Xiao et al., 2012;
Rostami et al., 2017). Surface and intercellular adhesion contribute to the interaction of highly
28

structured eDNA with the substratum, as well as close and distant biofilm bacterial cells.
Further strengthening of the extracellular matrix scaffold occurs when eDNA and the
adhesive glucan products of the S. mutans Gtfs enzymes interact with each other during the
growth of dental biofilm in the presence of sucrose (Klein et al., 2015). Inter- and intracellular
interactions and biofilm accumulation are facilitated as a result of such a polymeric scaffold,
in addition to increased resistance to mechanical stress which in turn provides greater stability
for the established dental biofilm (Whitchurch et al., 2002; Lappann et al., 2010; Hu et al.,
2012).

1.4 Models for Cariogenic Biofilms In vivo and In vitro
In order to investigate dental caries, multiple and different biofilm models have been
developed (Salli and Ouwehand, 2015). These models have been used to investigate many
questions about cariogenic biofilms, such as the different bacterial interactions that may occur
in relation to which bacterial species grows within it (Blanc et al., 2014), how their metabolic
activity may be affected, and how to make them less harmful by testing another carbohydrate
source like xylitol rather than sucrose (Bader et al., 2013). In addition to the inhibition of
antimicrobials, which affect the growth of pathogenic bacteria, new ways of influencing oral
cavity pH-levels have been established, alongside how to improve enamel remineralisation.
Developing new restoration material to minimise the possibility of secondary caries is one
future approach for developing cariogenic biofilm models (Kutsch, 2014; Salli and
Ouwehand, 2015).

1.4.1 Cariogenic biofilms models in vivo
Several different in vivo and in situ models have been developed for caries study, such as
clinical sample analysis (Dewhirst et al., 2010). A rodent model of dental caries has been used
to develop in vivo cariogenic biofilms. In this system, animal models of caries have been used
to investigate: (i) the characteristics of dental caries as infectious disease (Fitzgerald and
Keyes, 1963; Tanzer, 1979; Bowen et al., 1988a; Bowen et al., 1991); (ii) the expression of
genes involved in the development of carious lesions and transmissibility (Yamashita et al.,
1993; Fozo et al., 2007), and (iii) an investigation of the effects of host factors such as
salivary proteins on the development of dental caries (Bowen et al., 1988a; Bowen et al.,
1988b; Catalán et al., 2011). Furthermore, cariostatic agents and their probable therapeutic
effects have been examined with the aid of such in vivo cariogenic biofilm models (Koo et al.,
2005; Koo et al., 2010a). A caries scoring system was developed for the rodent model of
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caries and has been shown to be standardised, well established; it has also been tested
thoroughly (Klein et al., 2012). The rodent model of dental caries itself is well established and
has been used extensively to advance understanding of complex pathophysiological aspects of
dental caries disease by using cariogenic Streptococci (Fitzgerald and Keyes, 1963; Tanzer,
1979; Bowen et al., 1988a; Bowen et al., 1991). An approach to understand what is involved
in the pathophysiology of dental caries in relation to the complexity of diet-pathogen-host
interactions has also been investigated using the rodent model of dental caries (Klein et al.,
2012). A preventive approach to dental caries is also an additional new area that has been
explored using this model (Koo et al., 2010a). In vivo cariogenic biofilm models can be used
to measure the viable content of the microbial population, and the gene expression of
established cariogenic biofilms can provide an assessment of the infectious aspect of dental
caries, and the virulence of in vivo developed biofilm can be evaluated as well (Klein et al.,
2012). However, although in vivo models are suitable for many applications, there are a
number of limitations. For example, rodent teeth grow continually throughout life, unlike
human teeth, and are a different shape from human teeth. In addition, the immune system of
rodents is different from that of humans. Animal studies also raise potential ethical concerns
(Blanc et al., 2014). The use of in vivo mammalian models importantly takes into account
animal welfare and, at the same time, considers authorised guidelines that involve evaluation
of the scientific and medical benefits of the research (Xiao et al., 2012). Therefore, in vitro
systems have emerged that aim to replicate the conditions of the oral cavity, but simplify and
standardise the biofilms so they can be studied more easily (Blanc et al., 2014).

Another in vivo model that has been employed to develop dental biofilms is the individual
intraoral fabricated acrylic stent. Many variants of this model have been used to establish
different biofilms on artificial substrate surfaces rather than a natural tooth surface (GarcíaCaballero et al., 2013; Quintas et al., 2015). The developed biofilms have been used to study
different statuses of dental biofilms, such as the effect of demineralisation in relation to
established cariogenic biofilms, or to develop mature dental biofilm in order to analyse and
understand the characteristics of in situ biofilms (Prada-López et al., 2016). Here, the
bacterial samples are freshly isolated from healthy and diseased oral conditions and further
assessment was processed to understand the different bacterial compositions of normal and
diseased statuses, such as dental caries (Dewhirst et al., 2010). The design of in vivo intraoral
acrylic splints has continuously developed to become suitable for developing and collecting
dental biofilms from different places inside the oral cavity, such as buccal, lingual, and palatal
sites (Prada-López et al., 2016). In addition, the design development involved changing the
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acrylic splint devices by making them more comfortable and discreet rather than being bulky
and aesthetically poor (García-Caballero et al., 2013; Quintas et al., 2015). In spite of the
different developments in these models, there are still certain limitations with their use; for
example, it is not possible to control the microbial population (Prada-López et al., 2016), and
adding different agents to challenge the biofilm cannot be done unless they are approved for
use in humans. In addition, during the removal of the appliance disk, where the biofilm should
have become established, there is the possibility of accidental sample loss before further
analysis can take place (Prada-López et al., 2016).

1.4.2 Cariogenic biofilms models in vitro
In dental biofilm, depending on which bacteria are present and the prevalent external
conditions, many different interactions and processes occur between the bacteria, leading to
difficulties in interpretation of the findings (Blanc et al., 2014). Therefore, it is important to
develop in vitro model systems that are reproducible, and customised models are needed to
investigate different questions related to biofilm formation, the caries development process,
its prevention, how cariogenicity changes with different bacteria, and how diet or other
compounds and materials affect cariogenicity (Steiner-Oliveira et al., 2007; Klein et al.,
2012). Low cost, easy set-up, and flexibility for high throughput are advantages offered by in
vitro models. Additionally, factors that impact biofilm biology such as variable nutrient
gradients, bacterial metabolic products and gases, high cell densities, and extracellular matrix
production or release, can all be replicated via these models (Coenye and Nelis, 2010). In
spite of this, no single model system can be used for all investigations. The example different
in vitro biofilm models shown in Figure 1. 5 can be roughly divided into two groups: (i)
closed batch culture, and (ii) open continuous culture models, which can be further divided
into artificial mouth models (AMM), and flow cells.

The Calgary Biofilm Device (CBD), shown in Figure 1. 5A, is an example of closed model
for biofilm growth developed by Ceri et al. in 1999. This device is a multipurpose model
system with a two-part reaction receptacle based on the 96-well plate system, with adapted
lids containing 96 pins immersed in liquid, which provides the substrate for biofilm
formation. The lid of 96 pins is sealed on the top and thus, when the pins are removed for
biofilm investigation, the container remains closed and exposure to contamination is avoided
(Ceri et al., 1999). Mostly, this model has been used to test the susceptibility of the formed
biofilm to antibiotics. Since the antibiotic sensitivity of biofilm bacteria is often different from
planktonic cells, it is important to have a model for assessing the antimicrobial resistance of
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biofilms. By using the CBD, comparing the positive control with the lowest concentration of
the antimicrobial can aid in the assessment of the ‘minimum biofilm eradication
concentration’ of the tested antimicrobial. Furthermore, scanning electronic microscopy
(SEM) or CLSM can be employed to visualise the biofilm sample (Macià et al., 2014). Thus,
for the determination of Minimal Biofilm Inhibitory Concentration, Minimal Biofilm
Eradication Concentration, and Biofilm Bactericidal Concentration for various antibiotics and
antimicrobials, the CBD has been extensively used (Ceri et al., 1999; Macià et al., 2014).

Batch and continuous culture systems in general are employed for monoculture biofilms,
biofilms involving defined groups of organisms (from two up to ten species), or ‘microcosm’
biofilms (where the saliva or plaque sample used as inoculum) (Steiner-Oliveira et al., 2007;
Salli and Ouwehand, 2015). In the batch biofilm models, the substrates for biofilm
establishment are usually microplate wells, disc surfaces, slips or pins, or human or bovine
enamel within the well (Coenye and Nelis, 2010). With such a closed system, as long as the
nutrients are consumed and metabolic products accumulate, the environment inside the well is
changed during use, unless the growth media are replaced (Coenye and Nelis, 2010). In this
regard, they are different from the oral cavity where fluid continually flows over the biofilm,
supplying fresh nutrients and removing waste (Guggenheim et al., 2004). In some of these
batch models, flow conditions can be generated and liquid shear force may be formed if,
during establishment, the biofilm has been submersed in saline or other liquid (Guggenheim
et al., 2004). Nevertheless, it is possible to compare multiple test compounds or different
environmental conditions simultaneously using batch models. These models are also
reproducible and economical to use, as they only require small amounts of reagents (Coenye
and Nelis, 2010). The effect of different substances on the mixed species biofilm formation
process, such as plant extracts (Furiga et al., 2014), chlorhexidine (Guggenheim and Meier,
2011), and xylitol (Giertsen et al., 2011), has been investigated extensively using a 24-well
polystyrene cell culture plate batch biofilm model with hydroxyapatite discs (HA discs)
placed in the well, used as substrate for the establishment of the mixed species biofilm. This
model has additionally been used to study the oral probiotics effect on the growth of biofilm
(Marttinen et al., 2013), by developing methods to analyse the microbial population in the
biofilm community (Àlvarez et al., 2013), as well as de- and remineralization in a biofilm
with variable times of development (Guggenheim et al., 2004; Arthur et al., 2013).

As a continuous biofilm model, artificial mouth models (AMM) are one such biofilm model
which can address this category. The AMM term is usually used to describe a system with a
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continuous, open-surface fluid flow, which excludes closed-flow cells, and can be used to
develop biofilm (Sissons, 1997; Shu et al., 2000). In the AMM, the biofilm can be established
on human or bovine sectioned teeth (Russell and Coulter, 1975; Hayati et al., 2011; Mei et
al., 2013), or on resin-based composite (Ionescu et al., 2012). Then, an intermittent or
continuous flow of nutrients is pumped over the biofilm, mimicking the in vivo situation as
closely as possible (Tang et al., 2003). Oral conditions can be stimulated by AMM in terms of
temperature, humidity, pH, nutrients, saliva flow rate, and sucrose supply. Differences
between different AMMs still present due to the variability in biofilm formation time, nutrient
media, and equipment used (Salli and Ouwehand, 2015). This biofilm model system is more
complex in comparison to the batch system; however, it is more representative of conditions
in the oral cavity and therefore well suited to study the bacterial interaction within biofilm and
the compounds being tested, as well as the overall growth and structure of dental plaque. A
drawback of the AMM is that it tends to be less reproducible than batch culture systems (Mei
et al., 2013).

Microfluidics flow cells systems, such as the Bioflux (Figure 1. 5B), are other in vitro systems
commonly used to provide a relatively simple flowing environment to represent bacterial
biofilms in situations resembling those inside the oral cavity. The bacterial colonisations are
repeatedly exposed to an ideal fluid flow condition and shear stress (Kim et al., 2012). The
system is composed of a closed channel, where the bacterial suspension is inoculated and
allowed to grow into a biofilm. One side of this channel is transparent and amenable to
microscopy. Through the channel, the growth media is run without interruption and thus,
following the bacterial inoculation, the cells within developed biofilm remain adherent and
are supplied with fresh medium in a continuous manner, while the biological waste and
unattached cells are removed (Nance et al., 2013). Studies conducted to assess the short-term
adhesion and colonisation of bacteria have often used the flow cell system. An advantage of
this approach is that biofilms can be imaged non-destructively (Pamp et al., 2009).

The Constant Depth Film Fermenter (CDFF; Figure 1. 5C) is a continuous biofilm model
system that was developed to culture biofilms of constant thickness. Liquid is drip-fed into
the system and biofilms are formed on recessed surfaces. A blade wipes over the surfaces,
ensuring that biofilms are retained at a constant depth equal to the depth of the recess. The
scraper also distributes the growth medium over the biofilms. Both aerobic and anaerobic
situations can be selected as growth conditions within CDFF (McBain et al., 2003; ten Cate,
2006). The CDFF is particularly well-suited to the studying of biofilm maturation,
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antimicrobials’ effect on biofilm formation, and the influence of substratum material on
biofilm growth (Zaura et al., 2011; Hope et al., 2012).

The Modified Robbins Device (MRD; Figure 1. 5D) is a continuous flow biofilm model,
where different bacterial species can be grown in different growth media, with the possibility
of using different substrates for biofilm formation. Tubes of plastic or metal are designed to
contain a number of individual plugs that can be inserted inside the tube, and are flush with
the wall of the system. Culture media are sent in a continuous flow over the surface of the
plug, and thus the bacterial inoculum inside MRD is nourished continuously during biofilm
development. Each biofilm sample formed on the surface of the MRD plug can be removed
later to sample separately (Coenye and Nelis, 2010). The collected biofilm can also be
transferred to a different growth medium for further investigation, and, as with CDFF, tests
such as the evaluation of the anti-biofilm activity of disinfectants can be achieved on MRD
biofilms samples when they are out of the system. In addition, multiple investigation
techniques, as well as different product assessments, can be processed at the same time
(Coenye et al., 2008). Estimation of the effect of different flow rates in relation to the
maximum bacterial biofilm growth rates can be achieved successfully by using the MRD
(Bagge et al., 2001). More than one MRD can be assembled at the same time and run in
parallel, enabling direct comparisons between different growth media or substratum types.
Other advantages of MRD over in vitro static dental biofilms models are that, since it is an
open system, the growth media used to develop the biofilm can be continually replaced, just
as normally occurs within the oral cavity (Lebeaux et al., 2013). The disadvantage that has
been noticed with running MRD is that the same media flow over the first plug to the last one,
which can cause variation in established biofilm among the plugs along the MRD (Bagge et
al., 2001). In addition, the system is relatively time-consuming and laborious to run.
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Figure 1. 5 Examples of different in vitro systems for growing biofilm. The Calgary Biofilm
Device (A) is an example of a batch system. Biofilms are formed on the surface of the pegs.
In the Bioflux system (B), biofilms develop inside microfluidic channels under liquid flow.
The Constant Depth Film Fermenter (CDFF) (C), is another ‘open’ system where biofilms
form on substrata placed in wells. A scraper maintains the biofilm at a constant depth by
passing over the well during movement of the rotating plate. In the Modified Robbins Device
(D), the stainless steel biostud is held by a plug, and placed upside down inside the device and
flush against the channel. Biofilms are formed on the biostud surface under fluid flow. See
text for more details.
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1.5 Aims and Objectives

In this study we aimed to:-

Develop a model to investigate the incorporation of S. mutans into preformed mixedspecies biofilms, and use it to investigate factors involved in colonisation.

In this study our objectives were:1- Establish pioneer colonisers mixed species biofilm models, with and without 0.1% sucrose,
using MRD, and quantify the numbers of bacterial cells within the biofilm models to
investigate their reproducibility and stability.

2- Challenge the preformed mixed biofilms with different S. mutans strains (UA159 and
GS5), evaluating their ability to integrate within the biofilms in relation to the presence or
absence of sucrose, and comparing their colonisation within the preformed biofilms.

3- Characterise the structure of mixed-species biofilms using a range of imaging methods,
including localising S. mutans cell by FISH.

4- Assess the impact of eDNA on S. mutans colonisation using a S. gordonii ssnA
(deoxyribonuclease) knockout mutant.
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Chapter 2. Materials and Methods
2.1 Routine Culture of Microorganisms
Routine microbiological techniques were used to culture the different bacterial species within
this study. Initially, bacteria were grown on agar plates; colonies were inoculated and grown
in broth to provide bacterial stock. Parallel to these steps, the existence of contamination was
checked by Gram stain and microscopic examination of the different bacterial cells’
morphology.

2.1.1 Bacterial strains and culture media
Table 2. 1 Bacterial strains used in this study.
Bacterial strains
Genotype

Source/ Reference

Actinomyces oris MG1

Wild type

J. Cisar, NIDCR, USA

Streptococcus gordonii DL1

Wild type

H. Jenkinson, Bristol
University, UK

Streptococcus gordonii NU01 ∆ssnA, ermr

Nick Jakubovics

Streptococcus mutans UA159

Wild type

ATCC

Streptococcus mutans GS5

Wild type

Newcastle Dental
Hospital

Veillonellae parvula PK1910

Wild type

Rob Palmer, USA

Escherichia coli TOP10

F-mcrA Δ (mrr-hsdRMS-mcrBC)

Invitrogen

Φ80lacZΔM15 ΔlacX74 recA1
araD139 Δ (ara leu) 7697 galU
galK rpsL (StrR) endA1 nupG

A. oris MG1, S. gordonii DL1, and S. mutans (UA159 and GS5) were routinely cultured in
THYE medium containing 30 g/L Bacto™ Todd Hewitt Broth (Becton Dickinson and Co.,
MD., USA), 5 g/L Yeast Extract (Melford Laboratories Ltd., Suffolk, UK). V. parvula
PK1910 was grown in broth prepared from 37 g/L Brain Heart Infusion (BHI) (Melford, UK),
5 g/L Yeast Extract, 2.5 g/L L-Glutamic Acid (Sigma, MO., USA), 14 ml Lactic Acid (Sigma,
USA), adjusted to pH 7.5 using NaOH. THYE broth containing 2 µg/ml erythromycin
(Sigma, USA) was used to grow S. gordonii NU01 ∆ssnA. The E. coli strains used for cloning
experiments were cultured in Luria Bertani (LB) broth (Melford, UK). Ampicillin (Sigma,
USA) (100 µg/ml) was included in LB medium when appropriate. Solidified media were
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prepared by adding 15 g/L Bacto Agar (Melford, UK). All culture media were sterilised by
autoclaving for 15 min at 121°C under 1,200 bar before use.

2.1.2 Glycerol stocks of bacteria
Inocula of 20 µl from each of A. oris MG1, S. gordonii (DL1, ssnA), V. parvula PK1910, and
S. mutans (UA159 and GS5) were cultured separately in 20 ml of suitable broth. Following
anaerobic incubation (80% N2, 10% H2, 10% CO2 [Bugbox Plus, Ruskinn, Baker Co., Bridgend,
UK]) for 24 h at 37°C, the bacterial cells were harvested by centrifugation at 3,800 g for 10 min at
4°C (bench top centrifuge model 3K10, Sigma, UK). Pellets were resuspended in 2.5 ml of fresh
medium diluted 1:1 with 50% (v/v) glycerol. Aliquots were stored at 80°C. Bacterial samples
from prepared stocks were taken to make bacterial stocks in the mid-logarithmic phase of growth;
20 ml of an appropriate broth was inoculated with 10 µl bacteria, and incubated anaerobically

for 24 h at 37°C. Cultures were diluted 20 fold in fresh medium, and initial Optical Density
(OD) readings at 600 nm were measured using a spectrophotometer (Biochrom Libra S11,
Biochrom Ltd., Cambridge, UK). Following the time zero reading, the cultures were re-incubated
at 37°C and the OD 600 nm was measured regularly up to the mid-exponential phase (OD 600
nm: 0.6-0.8). Cells were collected by centrifugation, and stocks were prepared, as described
previously, and stored -80°C as inocula for biofilm growth experiments.

2.1.3 Calculation of total viable counts (TVCs)
Total viable counts (TVCs) were measured according to the method of Miles et al. (1938).
Briefly, to measure TVCs, serial ten-fold dilutions of cultures were prepared. Triplicate 20 µl
samples were spotted on agar plates, and incubated anaerobically for 24-48 h at 37°C.
Colonies were counted in spots containing between 10-100 colonies, and TVCs were
calculated.
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2.2 Molecular Biology Methods
The flow diagram below summarises the methods used to generate the qPCR standard to
quantify the bacterial cells in established biofilms.
Extraction of Bacterial chromosomal DNA
PCR amplification
of 16S rRNA

Extraction of

Extraction of

gene from

chromosomal DNA from

chromosomal DNA from

chromosomal

planktonic bacterial

bacterial biofilms growth

DNA

growth

Quantification of
The size of
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Extraction plasmid of
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transformed cells, and

DNA template

sequencing to check the insertion

(Plasmid)

of the cloned PCR target
Figure 2. 1 Flow diagram demonstrating the molecular biological methods.
2.2.1 Extraction of chromosomal DNA
Chromosomal DNA was extracted from bacterial cells or from biofilms using the MasterPure
DNA Purification kit (Epicentre, Wisconsin, USA) in accordance with the manufacturer’s
protocol. Bacterial cells from broth cultures were harvested by centrifugation at 3,800 g for 10
min at 4°C. Alternatively, biofilms scraped from biostuds surfaces (see Section 2.3.2) were

also harvested by the same method for cDNA extraction. Pellets were resuspended in 150µl of
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Spheroplasting Buffer [20 mM Tris-HCL (Melford, UK), 10 mM MgCl 2 (Sigma, UK), and

26% (w/v) Raffinose.5H 2 O (Sigma, UK)]. The mixture was transferred to an Eppendorf tube
and 1.5µl of lysozyme (250 μg/mL) and 5 µl mutanolysin (from the stock of 10,000 U/mL) were
added, and incubated in a water bath at 37°C for 30 min. The MasterPure kit protocol was then
followed, 150 µl of 2X T&C lysis solution were added. The samples were placed on ice and 1µl
of Proteinase K (50 µg/µl) was added. Samples were incubated at 65°C for 30 min, with short
vortexing every 5 min. The mixture was cooled at 37°C for 10 min, 1 µl of RNase A (5 µg/µl)
was added, and incubated at 37°C for 30 min. Samples were placed on ice for 5 min, and DNA
was extracted in accordance with the manufacturer’s instructions. Precipitated DNA was
resuspended in 25 µl of TE buffer [10 mM Tris-HCL (Melford, UK), 1 mM EDTA (Sigma, UK),
pH 8.0], and stored at -20°C for further analysis.

2.2.2 Polymerase chain reaction (PCR)
For amplification of the 16S rRNA gene of V. parvula, a PCR Master mix of total volume
12.5µl was prepared by combining 1.25 µl of primer 0063F, 1.25 µl of primer 1387R, (Table
2. 2), 6.25 µl of MyTaq Enzyme, 2.75 µl of sterilised distilled water, and 1µl of either DNA
tamplet or sterilised distilled water. The PCR was run on a PTC-200 Peltier Thermal Cycler
(BIO-RAD, California, USA) using cycling conditions of: initial denaturation at 95°C for 1
min; denaturation at 95°C for 15 sec; annealing at 55°C for 15 sec; elongation at 72°C for 30
sec; repeat from second step (denaturation step) for 34 cycles; final elongation at 72°C for 5
min; followed by holding at 4°C. The PCR products were purified using the QIAquick PCR
purification kit (QIAGEN GmbH, Hilden, Germany) following the manufacturer’s protocol.

Purified PCR products were analysed by agarose gel electrophoresis, and stored at -20°C.
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Table 2. 2 PCR primers and qPCR primers and probes used in this study.

Bacterial species
Universal

Bacterial species

A. oris MG1

S. gordonii DL1

V. parvula PK1910

S. mutans UA159

PCR Primers

5’ -3’ Sequence

Target
region
(gene)

Source/ Reference

0063F

CAGGCCTAACACATGCAAGTC

16S rRNA

(Marchesi et al., 1998)

1387R

GGGCGGTGTGTACAAGGC

16S rRNA

(Marchesi et al., 1998)

Target
region
(gene)

Source/ Reference

qPCR
Primers and
Probes
hktE F

F 5’-CCATCGAGAAGGGCCAGTAC-3’

hktE R

R 5’-CCACATCTTCGTCAGGTCGAA-3’

hktE P

P 5’-6FAM-CATGTACGTCCAAACCA-TAMRA-3’

hsdR F

F 5’-GGTGTTGTTTGACCCGTTCAG-3’

hsdR R

R 5’-AGTCCATCCCACGAGCACAG-3’

hsdR P

P 5’-6FAM-ACCTTGACCCGCTCATTACCAGCTAGTATG-TAMRA-3’

16S rRNA F

F 5’-CTACAATGGGAGTTAATAGACGGAAG-3’

16S rRNA R

R 5’-CAGCCTACGATCCGAACTGAG-3’

16S rRNA P

P 5’-HEX-AGCAAACCCGAGAAACACT-IABK-3’

gtfB F

F 5’-GCCTACAGCTCAGAGATGCTATTCT-3’

gtfB R

R 5’-GCCATACACCACTCATGAATTGA-3’

gtfB P

P 5’-6FAM-TGGAAATGACGGTCGCCGTTATGAA-TAMRA-3’

5’ -3’ Sequence
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hktE

(Jakubovics,
unpublished data)

hsdR

(Suzuki et al., 2005)

16S rRNA

(Ciric et al., 2010)

gtfB

(Yoshida et al., 2003)

2.2.3 Agarose gel electrophoresis
Agarose gels containing 0.8% - 3% agarose, as required, were prepared by adding agarose
(Melford, UK) to 55 ml of TAE buffer (40 mM Tris/acetate, 1 mM EDTA, pH 8.0), and were
heated in a microwave (Sharp R-206, Sharp Co., Wrexham, UK) until dissolved. The mixture was
cooled and 5 µl of GelRed Nucleic Acid Gel Stain 10.000X in water (Biotium, Cambridge, UK)
were added prior to pouring the gels. Samples were mixed with 5x DNA loading buffer (Bioline
Ltd., London, UK) in the ratio of 1:5, and then loaded onto the gel. HyperLadder (Bioline, UK)
1kb plus (250-12.007 bp), HyperLadder IV (100-1013 bp), and HyperLadder V (25-500 bp) were
used as references for product size, as appropriate. Gels were run using a Bio-Rad Power Pac 300
(BIO-RAD, USA) for approximately 120 min at 90 v and visualised on a G:Box Transilluminator
(Syngene, Cambridge, UK).

2.2.4 Nanodrop spectrophotometry
Concentrations of nucleic acids were measured using a NanoDrop ND-1000
spectrophotometer (Thermo Scientific, UK). Sample purity was estimated according to
absorbance ratios at 260/280 nm, and 260/230 nm. Ratios of 260/280 between 1.8-2.0
indicated high quality samples. All extractions were within this range.

2.2.5 Cloning in the PCR2.1-TOPO vector
The PCR amplified target of V. parvula PK1910 was cloned into the PCR2.1-TOPO vector
using TOPO cloning kit (Invitrogen, USA), and following the manufacturer’s protocol. A
ratio of 1:1 vector:insert was used, and pUC19 transformations were always included as a
positive control. The transformation of E.coli TOP10 competent cells was carried out

according to kit instructions. Following transformation, cells were plated on the surface of
LB/Ampicillin (100 µg/ml) agar, to which had been added 40 µl from a stock of 40 mg/ml XGal (5-bromo-4-chloro-3-indolyl-B-D-galactoside), and 20 µl of freshly prepared Super
Optimal broth with Catabolite repression (S.O.C) medium (Invitrogen). Plates were incubated
aerobically at 37°C for 24 h for blue/white screening. The appearance of white colonies
indicated successful ligation, while blue colonies indicated the absence of an insert in the
vector. Samples of white colonies were subcultured in LB/Ampicillin agar plate, and
incubated aerobically at 37°C for 24 h. This step was repeated at least three times to ensure
the purity of the transformed cells’ culture. Glycerol stocks of purified transformed cells were
prepared as described in Section 2.1.2, and stored at -80°C as inocula for plasmid extraction.
Samples of 10 µl from the pure subcultured white colonies were taken from prepared stock
and recultured in 5 ml of LB broth with ampicillin, and incubated in a shaker incubator
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(Orbital Shaker, Jencons, UK) at 250 rpm, 37°C for 16 h prior to plasmid extraction.
Amplified PCR targets of A. oris MG1, S. gordonii DL1, and S. mutans UA159 had already
been cloned into PCR2.1-TOPO vectors from previous studies.

2.2.6 Plasmid extraction and sequencing
Plasmids were extracted from E. coli using the Isolate II Plasmid Mini Kit (Bioline, UK).
Broth cultures (see Section 2.2.5) were centrifuged at 3,800 g for 10 min at 4°C, and the
supernatant was discarded. The plasmids were extracted from the pellet following the kit
manufacturer’s instructions, detected by agarose gel electrophoresis, and stored at -20°C.
The extracted plasmid samples were sent for sequencing, by Eurofins Genomics, UK.
According to the sequencing instruction, two separate mixtures were prepared. Samples
contained 15 µl of plasmid, but one was mixed with 2 µl of F primer (M13-20), and the other
with 2 µl of R primer (M13). The software MEGA6 (Molecular Evolutionary Genetics
Analysis, MEGA software, UK) was used to align sequences to ensure that the plasmids had
the appropriate inserts.

2.2.7 Measurement of DNA concentration by PicoGreen
For accurate determination of the DNA concentration, double stranded DNA was measured
using the Quant-itTM PicoGreen dsDNA kit, (Invitrogen, USA), in accordance with the
manufacturer’s instructions. Standard λ DNA (2 µg/ml) was diluted in TE buffer (10 mM
Tris-HCL, 1 mM EDTA, pH 7.5) to a range of 200 ng/ml to 0 ng/ml. Samples were diluted
1:20 in TE buffer. The PicoGreen reagent was also diluted 200-fold in TE buffer. In black 96
well plate, triplicate wells with 100 µl of either standard λ DNA, or DNA templates, were
placed. An equal volume of 100 µl from prepared PicoGreen was added to both the standard
and DNA template wells to obtain a total volume of 200 µl in each well. Fluorescence was
measured in a Synergy HT microplate reader (BioTek, Bedfordshire, UK) using excitation at
485 nm and emission at 528 nm. The resulting standard curve derived from the λ DNA was
used to calculate the unknown concentration of the DNA template. Triplicate samples were
used for each analysis and three independent experiments were performed.

2.2.8 Quantitative PCR
For quantification of bacterial cells, a standard curve was produced from a dilution series of
plasmid DNA. Each qPCR reaction contained 2.5 µl of primers and TaqMan probe (Table
2.2) in concentration of 1:40 from main stock, in mixture ratio of 2:1 (F and R 1 µl each, and
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0.5 µl probe), 6.25 µl of MyTaq Enzyme (Bioline, UK), 2.75 µl of sterilised distilled water,
and 1 µl of either DNA template or sterilised distilled water in a total volume of 12.5 µl. The
qPCR reaction was run in a DNA Engine Opticon 2 (BioRad, USA). The plate setup and
cycling conditions were set using Opticon Monitor software (Bio-Rad Laboratories Inc., UK).
Triplicate samples were used for each analysis. The qPCR reactions for the quantification of
the S. gordonii, S. mutans, and V. parvula were performed with a cycling programme of: 95°C
for 10 min, 95°C for 15 s, 60°C for 1 min, Plate read, and then the cycle from step 2 for 39
cycles. This was followed by holding at 4°C. An additional step of 50°C for 30 s was added
after the second step (95°C, 15 min) when the qPCR was run for the quantification of A. oris.

2.3 Biofilm Models
2.3.1 Static biofilm model
Static monospecies biofilms were established from each of A. oris MG1, S. gordonii DL1, and
V. parvula PK1910. Sterile glass coverslips were placed in 12 well plates, and 2 ml of
appropriate medium with and without 0.1% sucrose were added. Inoculum of 10 µl for each
species was taken from prepared stocks in the mid-logarithmic phase of growth (see Section
2.1.2), subcultured into the media, and incubated anaerobically for 24 h at 37°C. The
developed biofilms were collected and prepared for SEM examination (see Section 2.6.1).

2.3.2 Biofilm model using the Modified Robbins Device (MRD)
The MRD (Tyler Research Co., Alberta, Canada) was used for single and mixed species
biofilms with and without 0.1% sucrose. All experiments were run three times independently
for each developed biofilm. The key steps in setting up the MRD were started with the
collection of natural saliva and its preparation, in addition to the preparation of the studs with
tooth section in readiness for further MRD running and biofilm modelling. These steps are
described in the following subsections.

Natural saliva collection
Natural saliva was collected in accordance with a standard method (ethical approval from the
University Research Ethics Committee No. 1083). The saliva stocks were prepared using a
previously reported protocol (Palmer et al., 2001). Saliva was collected from healthy
volunteers who had not taken antibiotics in the last three months or had food or drink in the
two hours prior to donation. Each volunteer was given a piece of unflavoured chewing gum
base, and asked to collect saliva in a Falcon tube. The collected saliva from at least five
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volunteers was pooled, and placed on ice. One ml of 2.5 mM dithiothreitol (Sigma, UK) was
added to each 100 ml of collected natural saliva. The mixture was kept on ice with continuous
gentle mixing for 10 min. The saliva was centrifuged (J2-21, Beckman, USA) at 15,000 g for
30 min at 4°C. The supernatant was collected, sterilised by filtration through Stericup
(SCGVU01RE), a vacuum-driven filtration system of 0.2 µm pore size filter (Fisher
Scientific, Leics, UK). The filtered saliva was divided into 20 ml aliquots, and stored at -20°C
until use.

Artificial saliva preparation
Artificial saliva was prepared following the protocol of Pratten et al. (1998). The formula
contained 1 g/L Lab-Lemco (Oxoid, UK), 2 g/L yeast extract (Melford, UK), 5 g/L proteose

peptone (Sigma, UK), 2.5 g/L hog gastric mucin (Sigma, UK), 0.35 g/L sodium chloride
(Sigma, UK), 0.2 g/L calcium chloride (Sigma, UK), and 0.2 g/L potassium chloride
(Melford, UK). Where required, 0.1% sucrose was included. Media were autoclaved at 121°C
for 15 min, then 1.25 ml urea from a stock of 40% urea (Sigma, UK) was added to autoclaved
saliva.

MRD assembly and running
The assembly of the MRD was performed in two stages. The first involved assembling two
MRD prior to sterilisation. The assembled devices each had stainless steel biostuds in 12
plugs. The inlet and the outlet plastic tubes with their connectors were also attached to each
MRD (Figure 2. 2a). Both MRD devices were wrapped entirely in tin foil, and autoclaved at
121°C for 15 min. The second stage of assembly was to prepare the MRD for running. The
sterilised devices were connected to both natural saliva and artificial saliva with an inoculum
of 5x107 CFU/ml for each inoculated bacterial species, and artificial saliva bottles via their
inlet tubes. These tubes were connected to a single tube passed through the pump (401U/DM3,
Watson-Marlow, UK) that was adjusted to a flow rate of 20 ml/h. The outlet tubes were

connected to the waste container. The complete assembly of apparatus was transferred into
37°C aerobic incubator (LTE Laboratory Thermal Equipment, UK) for running (Figure 2. 2b).
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a

b
Figure 2. 2 Modified Robbins Devices (MRD). Assembly diagram (a), MRD in the 37ºC
incubator (b).
The running of two MRD positioned parallel to each other was commenced with the pumping
of 40 ml of natural saliva. This allowed natural saliva to coat the surface of the stainless steel
biostud. The formation of an acquired pellicle layer was then encouraged by stopping the
MRD running for 1 h. The next re-running was performed in stages to pump 40 ml of
artificial saliva inoculated with different volumes of bacterial inoculum. The inoculations
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were taken from previously prepared bacterial stocks in the mid-logarithmic phase of growth.
The different volumes of each species were derived according to CFU/ml of bacteria in these
stocks, in order to obtain a final equal concentration of 5x107 for each bacterial species. By
the running of MRD over different stages, the biofilms were established:
1- Stages of establishing early colonisers mixed species biofilms
- Stage one, pumping of artificial saliva inoculated with 1,500 µl of A. oris for 1 h, then MRD
running stopped for at least 6 h, allowing the A. oris to colonise the biostuds surfaces.
-Stage two, 300 µl of V. parvula and 6.6 µl of S. gordonii DL1 inoculated together and
pumped with artificial saliva for 1 h, and allowed to colonise by stopping MRD for at least
2 h.
- Stage three, by the end of the 2 h from stage two, the artificial saliva with or without 0.1%
sucrose was pumped separately for 24 h in each MRD, to allow the development of
independent biofilms groups either in the presence of sucrose or without sucrose. Then the
MRD running was stopped for biofilm harvesting, and re-run for an additional 24 h, for a total
run period of 48 h.
2- Stages of establishing mixed species biofilms with S. mutans
- Early colonisers mixed species biofilms were established for 24 h as mentioned in (1).
- For biofilms that included S. mutans (UA159-GS5): the 40 ml of inoculated artificial saliva
with 50 µl of S. mutans was pumped after the first 24 h of MRD running, for 1 h, and allowed
to colonise for at least 2 h. The MRD was re-run with the pumping of uncultured artificial
saliva for an additional 24 h, for a total running period of 48 h.
3- Stages of establishing monospecies S. mutans UA159 biofilms
- Stage one, pumping of artificial saliva inoculated with 50 µl of S. mutans UA159, for 1 h,
and allowed to colonise for at least 2 h.
- Stage two, MRD was re-run, pumped separately in MRD uncultured artificial saliva with or
without 0.1% sucrose for 24 h.
Biofilm sample collection
Biofilms cultured with and without 0.1% sucrose were collected at different times after
inoculation, and different investigations were undertaken on these biofilm samples. To
quantify bacterial cells by qPCR, four biostuds were collected from each MRD. The biofilms
were harvested from the biostuds’ surfaces using mini disposable cell scrapers (Biotium,
Hayward, CA), resuspended in PBS, and prepared for cDNA extraction (see Section 2.2.1).
Biofilms were also collected for processing for SEM visualisation. Others were collected for
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FISH labelling, and EPS and eDNA fluorescent detection, and imaged by a Confocal Laser
Scanning Microscope (CLSM). The samples were retrieved when necessary without having to
dismantle the system. Three independent runs of the MRD were performed for each different
experimental condition.

2.4 Preparation of Tooth Section Studs
2.4.1 Preparation of silicone models
Silicone rubber base impression material (Imprint TM 4VPS Impression Material, 3M ESPE,
UK) was used to make an impression of the stainless steel biostud. The impression material
was placed in a plastic screw cup, and before setting the stainless steel biostud was pressed
into the material to form an impression within the silicone base. When the silicone base was
polymerised, the stainless steel biostud was removed and a negative copy of the stud was
obtained (Figure 2. 3).

a

b

c

d

Figure 2. 3 Preparation of a negative copy of a stainless steel biostud, using silicon rubber
base impression material. Pressing the biostud in the silicon impression base (a and b).
Removal of the biostud after the setting of the material (c). Stainless steel biostud final
negative copy (d).

2.4.2 Preparation of tooth section
Tooth samples were obtained from a tooth bank in the Dental Materials lab (Newcastle
University). Ethical approval was not required for these anonymised stored samples at the
time the study was conducted. Intact enamel surface was sectioned from extracted permanent
molars. A circular shape section was cut from this surface using an Air Turbine Headpiece
(Cutting Hand piece KAVO, Germany), and cutting disk bur (Skillbond Direct Ltd., UK). The
dimensions of this circular shape were similar to that of the stainless steel biostud surface.
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Tooth sections were stored in 1% Chloramine-T (Sigma, UK) at 4°C (Khvostenko et al.,
2015).

2.4.3 Preparation of composite studs with tooth sections
Chemically cured composite material (Kent chemical cure composite base-950207, Kent
Express Ltd., Gillingham, UK) was used to prepare studs resembling the stainless steel
biostuds. A mixture of the composite material was made as a paste, and used to fill the
negative silicone copy of the stainless steel biostud. Before the composite resin material was
polymerised, the prepared tooth section was pressed gently into the material to give a flush
surface. Once the composite had set, the stud was gently removed from the silicone model
(Figure 2. 4a, b, and c). The final steps in the preparation of the tooth section stud were
grinding and polishing. A grinder of 1200P (Metaserv Griander, Japan) was used to make the
surface of the stud as flat as possible. Following this, polishing was performed with a
polishing machine (Metaserv, Universal Polisher, Japan). The polishing materials (Buehler,
USA) of three different polishing particle grades were used, graduating through particles of
size 1.0 µm, 0.3 µm, and 0.05 µm. Polished tooth sections were sonicated three times using
sonicate (Langford Electronic Ltd., UK) to remove any remnants of polishing materials. The
finished tooth section composite studs (Figure 2. 4d, and e) were stored in 1% Chloramine-T
at 4°C.
b

a

d

c

e

Figure 2. 4 Preparation of the composite stud with tooth section. Chemically polymerised
composite within tooth section pressed into the negative copy of the stainless steel stud (a).
Composite stud with tooth section ready for final finishing (b and c). A group of finished
composite biostuds with tooth section in comparison with a group of stainless steel biostuds
(d). Composite stud with tooth section placed into MRD plug (e).
49

2.5 Fluorescence Labelling
2.5.1 Labelling of bacterial cells by Fluorescence In Situ Hybridisation (FISH)
In order to check the specificity of the FISH PNA probe (Table 2. 3) in the detection of the
bacterial cells in biofilm growth, the labelling was undertaken first on planktonic bacterial
growth for A. oris, S. gordonii, V. parvula, and S. mutans, respectively. The bacterial cells
were cultured for 24 h in appropriate growth media. Cultures were centrifuged at 3,800 g for
10 min at 4°C. Pellets were washed in 1 ml of PBS and centrifuged at 10,000 g for 5 min at
4°C. The PBS supernatant was removed and pellets were resuspended in 1 ml of fixation
buffer [4% of Paraformaldehyde (Sigma, UK) in PBS]. Following fixation at 4°C for 1 h, cell
suspensions were centrifuged at 10,000 g for 5 min at 4°C. The supernatant was removed, and
pellets were washed in 1 ml of PBS. Cells were harvested at 10,000 g for 5 min at 4°C. The
supernatant was removed and pellets were resuspended in 1 ml of dehydration buffer (50%
ethanol in PBS). The dehydrated mixture was placed at -20°C for at least 30 min before
processing.
A sample of 100 µl was taken from the dehydrated bacterial cell suspension, and centrifuged
at 10,000 g for 5 min at 4 °C. The supernatant was removed and the pellets were resuspended
in 1 ml of PBS. The mixture was centrifuged at 10,000 g for 5 min at 4°C. The supernatant
was discarded and hybridisation buffer [0.9 M of NaCl, 20 mM of Tris-HCl pH 7.2, 0.01% of
SDS, 25% Formamide (Sigma, UK)] containing 200 ng PNA molecular (Universal EUB338),
and 250 ng (S. mutans MUT590), (Eurogentec, Belgium)/ 20 µl of buffer was added to the
bacterial cells. This mixture was incubated at 46°C in a water bath for 2 h and protected from
light by wrapping the Eppendorf tube with tin foil. The mixture was then centrifuged at
10,000 g for 5 min at 4°C, and the supernatant was discarded. Pellets were washed three times
in 500 µl of washing buffer [10 mM of Tris pH 9.0, 1 mM of EDTA (Sigma, UK)]. The
samples were incubated in a water bath at 55°C for 10 min between each washing step, and
samples were centrifuged at 10,000 g for 5 min at 4°C each time to harvest cells. Following
the third wash, the mixture was centrifuged at 10,000 g for 5 min at 4°C, and the supernatant
was removed. Pellets were resuspended in 100 µl of washing buffer. This suspension was
used to prepare samples for Epifluorescence microscope imaging, as described in Section
2.6.2.
Established biofilms from the MRD technique (see Section 2.3.2) were labelled by FISH to
detect the S. mutans (UA159 or GS5) integration within preformed early coloniser mixed
species biofilms. The biofilms were collected before and after S. mutans challenging and fixed
with fixation buffer for 24 h. The fixed biofilms were processed by FISH labelling and steps
of hybridisation, and washing was performed by the same method with the planktonic
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bacterial growth. Following FISH labelling, the biofilms samples were prepared for CLSM
imaging, as described in Section 2.6.3. At least two samples from independent MRD runs
were analysed. In all cases, samples from the same condition appeared similar to one another.
Representative images are shown in the results.

Table 2. 3 FISH PNA molecular probes used in this study.
PNA probes

Sequence

Reference

Universal EUB338

5’-Alexa488-GCTGCCTCCCGTAGGAGT-3’

(Amann et al., 1990)

S. mutans MUT590 5’-Cy5-ACTCCAGACTTTCCTGAC-3’

(Paster et al., 1998)

2.5.2 Exopolysaccharide (EPS) labelling
Exopolysaccharides in biofilms were detected using Fluorescent Brightener 28 (Sigma, UK),
in combination with propidium iodide (PI) (Life Technology, USA) for labelling cells.
Biofilms were treated first with 1 µl of PI/ ml of PBS for 15 min at room temperature. This
was followed by the CFW of 0.001 g/ ml of distilled water for 15 min. Then the biofilms were
prepared for CLSM examination and imaging, as described in Section 2.6.3. At least two
samples from independent MRD runs were analysed. Samples from the same condition
appeared similar to one another. Representative images are shown in the results.

2.5.3 Extracellular DNA (eDNA) labelling
PicoGreen reagent (Quant-itTM PicoGreen dsDNA kit, Invitrogen, USA) was used to stain
eDNA in biofilms. Cells were counterstained with Nile Red (Sigma, UK). From prepared Nile
Red stock of 0.001 g/ml of DMSO (Sigma, UK), 10 µl were added to 990 µl of PBS, and the
mixture used to treat the biofilms for 30 min at room temperature. Then, 1 µl PicoGreen
reagent in 199 µl TE buffer was used to process the biofilms for 5 min. The volume of
preparation was adjusted to fully immerse the biofilms. Following labelling, biofilms were
imaged by CLSM. At least two samples from independent MRD runs were analysed, and in
each case samples from the same condition appeared similar to one another. Therefore,
representative images are shown in the results.

2.6 Microscopy
2.6.1 Scanning electron microscopy (SEM)
SEM was used for the examination of single or mixed species biofilms. Samples from static
biofilms model (see Section 2.3.1), or from the MRD biofilms (see Section 2.3.2) were fixed
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in 2% glutaraldehyde in Sorensons Phosphate Buffer for 24 h. Samples were rinsed twice for
15 min each with Sorensons Phosphate Buffer. Serial dehydration was performed by
immersion in ethanol concentration of 25%, 50%, and 75%, respectively, for 30 min for each
concentration. Additional dehydration was performed twice with 100% ethanol for 1 h each.
Samples were dried at the critical point of carbon dioxide in a Baltec Critical Point Dryer
CPD 030 (Leica Geosystems Ltd., Milton Keynes, UK). Dehydrated samples were mounted
on aluminium stubs with Achesons Silver Dag (Agar Scientific, Essex, UK), and stored
overnight to ensure dryness. Samples were coated with gold, standard 15 nm, using the
Polaron E5000 SEM coation Unit (Quorum Technologies Ltd., East Sussex, UK), and
examined using a TESCAN VEGA LMU (Tescan, Cambridge, UK). Digital images were
obtained with TESCAN software (Vega3 control software, version 4.2.13.1). At least two
samples from static monoculture biofilms of each pioneer coloniser, or from independent
MRD runs, were analysed and representative images are shown in the results. In all cases, the
independent samples from each strain or condition looked similar to one another.

2.6.2 Epifluorescence microscope
The Epifluorescence microscope (Zeiss Axio, Germany) was used to examine bacterial cells
labelled with FISH probes (Section 2.5.1). Ten µl of labelled cells were spread on the surface
of the slide. Samples were dried at room temperature, and fixed by quickly passing over the
flame. A drop of hard setting Vectoshield mounting medium without DAPI (Vector
Laboratories, CA) was applied, a cover slip was placed, and samples were allowed to set at
room temperature and then stored at 4°C for at least 24 h prior to examination by the
Epifluorescence microscope. Images were obtained using ZEN supplied software (ZEN2-blue
edition). The samples were protected from light exposure throughout. At least two samples
from each species were prepared and visualised under the epifluorescent microscope. In all
cases, the replicate samples of the same species and FISH probe appeared similar to one
another. Representative images are shown in the results.

2.6.3 Confocal Laser scanning microscopy (CLSM)
Biofilms were examined using the CLSM (Nikon A1, Japan). The preparation of biofilms for
CLSM was the same, whatever the fluorescent labelling experiment. Biostuds with labelled
biofilms were placed on the holder, and a drop of Vectosheild mounting medium without
DAPI was added. A coverslip was placed over the mounting medium, and the samples were
kept at room temperature to set. The biostuds were fixed on slides, and the whole samples
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were stored at 4°C for at least 24 h before microscopic examination. Wavelengths of
excitation/emission for different dyes are given in Table 2. 4. Microscopic images from the
CLSM were obtained with NIS supplied software (NIS-Elements AR 4.40.00). At least two
samples from independent MRD runs were analysed. In each case, samples from the same
condition appeared similar to one another. Representative images are shown in the results.

Table 2. 4 Excitation/Emission of fluorescence dyes used in this study.
Fluorescence dyes

Excitation (nm)

Emission (nm)

AlexaFluor488

465-495

515-555

Cy5

510-560

590 (Long Pass) (LP)

Fluorescent Brightener 28

340-380

435-485

PI

510-560

590 (LP)

Nile Red

510-560

590 (LP)

PicoGreen

465-495

515-555

2.7 Statistical Analysis
All experiments were performed three times independently, and calculations were performed
using Microsoft Excel (2013). The representation of the results in graphic form was achieved
using SigmaPlot (Exact Graphs and Data Analysis 12.5). Statistical significance was
estimated by unpaired T-test, and Bonferroni correction. Differences were considered
significant when p. ≤ 0.05.

53

54

Chapter 3. Establishment of Early Coloniser Mixed Species
Biofilms
3.1 Outline and Aims
The initial development of biofilms on enamel surfaces involves the attachment of species
that can adhere to the salivary pellicle and establish in early biofilms. The majority of these
pioneer colonisers belong to a relatively small group of bacteria genera, including
Actinomyces, Streptococcus, Haemophilus, Capnocytophaga, Veillonella, and Neisseria
(Marsh, 2012; Welch et al., 2016)

The pioneer colonisers pave the way for the integration of later colonisers into the biofilm, for
example by providing attachment sites or local microenvironments that support a more
diverse range of microorganisms. Later colonisers include potentially pathogenic species such
as S. mutans. The presence of S. mutans or other highly acidogenic and aciduric species in
dental plaque is undesirable since they can lead to dysbiosis of the microbial community and
ultimately to the development of dental caries (Takahashi and Nyvad, 2011; Nyvad et al.,
2013).

Oral streptococci are commonly the most abundant bacteria in the early stages of dental
plaque development (Zhou et al., 2015). These bacteria produce a range of cell surface
adhesins that mediate attachment to the acquired salivary pellicle. For example, Hsa and the
Antigen I/II proteins SspA and SspB of S. gordonii have been shown to bind immobilised
gp340, a key component of the salivary pellicle (Jakubovics et al., 2009; Jakubovics and
Kolenbrander, 2010). These adhesins also mediate interactions with other oral bacteria,
known as coaggregation. Hsa has been shown to bind Veillonella spp. (Zhou et al., 2015),
whilst SspA and SspB are required for interactions with different Actinomyces spp.
(Jakubovics et al., 2005; Strużycka, 2014).
S. gordonii, Actinomyces spp. and Veillonella spp. are frequently identified together in early
dental plaque communities. In general, although there are variations from one individual to
another, and most studies have found that Streptococcus spp. dominate over the early stages
of colonisation, within 4-8 h of cleaning teeth (Peters et al., 2012). Actinomyces spp. and
Veillonella spp. are also frequently observed at this point (Palmer et al., 2006; Al-Ahmad et
al., 2009).
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Most of the early colonising Streptococcus spp. and Actinomyces spp. produce moderate
amounts of organic acids from dietary sugars and these species may start to acidify the
biofilm (Takahashi and Nyvad, 2011). This produces conditions that will start to favour more
strongly acidogenic and aciduric species such as S. mutans. At the same time, the presence of
Veillonella spp. in the biofilm can help to remove acids produced by bacterial metabolism,
since Veillonella spp. use lactic acid for growth. Many studies have shown that the presence
of Veillonella spp. correlates with acidogenic bacteria in dental plaque, and even with dental
caries (Egland et al., 2004).

There is also evidence that early colonisers of dental plaque compete with later colonisers
such as S. mutans. S. gordonii can inhibit S. mutans and Actinomyces naeslundii by producing
H 2 O 2 , and this inhibition is stronger under aerobic growth conditions compared with a strictly
anaerobic environment. However, the presence of glucose can reduce the inhibition effect of
H 2 O 2 by decreasing its production (Jakubovics et al., 2008; Zheng et al., 2011; Zhu and
Kreth, 2012).

Moreover, the order of colonisation may be important since early colonising streptococci such
as S. sanguinis can outcompete S. mutans if inoculated first and allowed to establish, but are
outcompeted by S. mutans if the S. mutans is given the opportunity to grow before the
addition of S. sanguinis (Kreth et al., 2005b). In natural dental plaque, early colonising
streptococci such as S. sanguinis or S. gordonii almost always colonise before S. mutans and
it is therefore not clear how S. mutans can integrate into the biofilm in the face of competition
from other streptococci.

Clearly, there is strong evidence that interbacterial interactions play a major role in the
development of cariogenic dental plaque communities. Many models of early colonisers’
biofilms have included only a single species (Mishra et al., 2010; Zheng et al., 2012),
although some have included two or more (Egland et al., 2004; Hashino et al., 2013).
Recently, in vitro models have been described which include mixed-species communities
containing early colonisers of dental plaque with S. mutans in order to account for some of
these interactions. For example, a three-species system including S. mutans, S. gordonii and
A. oris has been developed and used to show that L-arginine can favour the early colonisers at
the expense of S. mutans (He et al., 2016). However, to the best of my knowledge, no models
have looked at S. mutans attachment to a preformed mixed-species early coloniser biofilm,
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and therefore the mechanisms that enable the establishment of S. mutans in a pre-formed
biofilm are currently not clear.

The aim of this chapter is to establish a stable model of early coloniser mixed species biofilms
which can then be challenged with later colonisers such as S. mutans.

The objectives were to:
1- Assess the ability of the three pioneer species to develop monospecies biofilms and the
impact of 0.1% sucrose on their development.
2- Develop qPCR based methods to quantify three early colonisers within mixed species
biofilms.
3- Assess the structure of early coloniser biofilms.
4- Evaluate whether biostuds are suitable substrates for biofilm development in comparison to
tooth sections.
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3.2 Development of Monospecies Biofilms
Monospecies biofilms were developed from A. oris MG1, S. gordonii DL1, and V. parvula
PK1910 to evaluate colonisation by individual species, and to characterise cell morphology in
biofilms. In addition, the effects of sucrose on monospecies biofilms development were
evaluated.

3.2.1 SEM of monospecies biofilms
The three pioneer colonisers were initially cultured in monospecies with and without 0.1%
sucrose, and were grown anaerobically on sterile glass coverslips in a simple static biofilm
model, as described in Section 2.3.1. The developed biofilms were prepared for SEM
imaging, as shown in Section 2.6.1. The SEM images for each bacterial monospecies biofilm
(Figure 3. 1) illustrate all species formed biofilms with and without 0.1% sucrose. The
presence of sucrose appeared to affect A. oris MG1 and S. gordonii DL1 biofilms growth;
there was slightly stronger growth in some areas of A.oris MG1, and S. gordonii DL1 biofilms
in the presence of sucrose (Figure 3. 1b, and d) rather than the absence (Figure 3. 1a, and c).
Such an effect was not shown with V. parvula PK1910 biofilms (Figure 3. 1e and f), and
although this was seen across the samples, it was not quantified. Different biofilm matrix
structures were observed including threads and granules, particularly in A. oris MG1 (Figure
3. 1a and b), and V. parvula PK1910 (Figure 3. 1e and f) biofilms. However, the appearance
of A. oris MG1 biofilms matrix structures was slightly more with 0.1% sucrose (Figure 3. 1b),
in comparison to without (Figure 3. 1a). Such observations were not seen either with S.
gordonii DL1 (Figure 3. 1c and d), or with V. parvula PK1910 (Figure 3. 1e and f) biofilms.
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a) A. oris MG1

no sucrose

b) A. oris MG1

0.1% sucrose

c) S. gordonii DL1

no sucrose

d) S. gordonii DL1

0.1% sucrose

e) V. parvula PK1910

no sucrose

f) V. parvula PK 1910

0.1% sucrose

Figure 3. 1 SEM images of monospecies biofilms cultured without sucrose (left panels), and
with 0.1% sucrose (right panels). A. oris MG1 (a, b), S. gordonii DL1 (c, d), and V. parvula
PK1910 (e, f). Biofilm matrix substances distributed between the bacterial cells appear as
long threads (long arrows), or as granules on the surfaces of the bacterial cells (short notched
arrows). The enlargement views (Yellow squares) showed closer visualisation of the matrix
substances as well as the bacterial cells, and the matrix structures appearance was slightly
more in A. oris with sucrose presence (b) than that in sucrose absence (a).
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3.3 Development of Early Coloniser Mixed Species Biofilms
Early coloniser mixed species biofilms were developed with and without 0.1% sucrose to
establish reproducible models of biofilms to investigate the later integration of S. mutans
within mixed species biofilms. The biofilms were developed using the MRD that was
assembled and run as described in Section 2.3.2.
3.3.1 Development of qPCR assays to enumerate different species
The amplified PCR fragments of extracted DNA from A. oris MG1, and S. gordonii DL1 had
already been cloned and transformed in previous studies. The cloning and transforming of an
amplified PCR fragment from V. parvula PK1910 DNA extraction will first be described in
the following subsections, followed by a description of the standardised qPCR assays for the
quantification of the bacterial cells in different established biofilms.

TOPO cloning of a PCR fragment
Cloning was performed to obtain highly purified plasmid DNA of known molecular weight,
to be used as a standard for qPCR. From the extracted V. parvula PK1910 DNA, the 16S
rRNA gene was amplified by PCR using 0063F and 1387R primers. The PCR fragment was
run on a 1% agarose gel (Figure 3. 2).

Figure 3. 2 Agarose gel electrophoresis of an amplified V. parvula PK1910 PCR fragment,
and a negative control. The Hyper-Ladder 1 kb plus was used as reference. The size of the
amplified 16S rRNA was 1,300 bp, as expected (blue line). Nothing was shown within the
negative control.
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The PCR product was cloned in PCR2.1-TOPO to generate PCR-Vp, and used to transform E.
coli as described in Section 2.2.5, and illustrated in Figure 3. 3.

Figure 3. 3 Diagram demonstrating the TOPO cloning of the PCR amplified V. parvula
PK1910 16S rRNA gene. Adopted from Del Chierico et al. (2015).
Plasmid extraction and sequencing
An inoculum of transformed cells was grown as described in Section 2.2.5. The plasmid was
extracted as shown in Section 2.2.6, and visualised by 0.8% agarose gel electrophoresis
(Figure 3. 4). A sample was sent for sequencing to ensure that the PCR fragment was inserted
correctly within the TOPO PCR 2.1 vector plasmid sequence, and that the PCR amplification
had not introduced errors.
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Figure 3. 4 Gel electrophoresis of PCR-Vp. The reference to check the product size was
Hyper-Ladder 1 kb plus. There were multiple bands, as expected for an undigested plasmid.
PicoGreen assay to measure standard DNA concentration
Plasmids of TOPO-Ao, TOPO-Sg, and TOPO-Vp were extracted from E. coli. The
concentration of each bacterial DNA standard template was calculated using the PicoGreen
kit (Life Technology) following the manufacturer’s instructions, as described in Section 2.2.7.
A PicoGreen standard curve was generated (Figure 3. 5) to calculate the Molar concentration
of plasmid DNA. The plasmids stocks concentrations were: 317 ng/µl for PCR-Ao, 348 ng/µl

Relative Fluorecence Units

for PCR-Sg, and 145 ng/µl for PCR-Vp.
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Figure 3. 5 PicoGreen standard curve to measure the concentration of template DNA. The
equation of the curve is shown.
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qPCR optimisation
Standard curves were run for each primer/probe set using ten-fold serial dilutions of plasmid
DNA. An example of the qPCR standard curve V. parvula PK1910 is shown in Figure 3. 6.
B

A

Figure 3. 6 (A) qPCR standard curve example of ten-fold serial dilutions of V. parvula
PK1910 standard plasmid, (B) individual amplification. The standard plasmid dilutions were
plotted against the cycle threshold.
To ensure that primer/probe sets amplified target DNA efficiently, the reaction efficiencies
were calculated for each set (Table 3. 1). In all cases, reaction efficiencies were between 95%
and 105%, indicating that qPCR reaction was working well.

Table 3. 1 Efficiency of qPCR standard curve for each standard plasmid ten-fold dilution of
species used in this study. Efficiencies calculated from the gradient of the curve (see Figure 3.
6B).

Species targets

Cloned PCR target size

Reaction efficiency

A. oris MG1

110bp

103.5% (± 8.9)

S. gordonii DL1

96 bp

97.3% (± 12.0)

V. parvula PK1910

84 bp

104.8% (± 10.5)
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The amplified pTOPO-Ao with primers hktE F/R and hktE P, pTOPO-Sg with primers hsdR
F/R and hsdR P, and pTOPO-Vp with primers 16S rRNA F/R and 16S rRNA P were run on
3% agarose to estimate the size of each amplicon. In each case, the amplified fragments were
of the expected size: 110bp for the A. oris target, 96bp for S. gordonii, and 84bp for
V. parvula (Figure 3. 7).

Figure 3. 7 Gel electrophoresis of the three pioneer bacterial species plasmids. The size of
qPCR amplified targets were as expected. pTOPO-Ao 110 bp (a), pTOPO-Sg 96 bp (b), and
pTOPO-Vp 84 bp (c). No amplification was shown with the negative controls. The HyperLadder V was used as reference.
3.3.2 Enumeration of bacterial cells in early coloniser mixed species biofilms
Having developed qPCR methods for the quantification of three different species, MRDs were
set up, inoculated with the three species, and run for 48 h with and without 0.1% sucrose.
Samples of biofilms established in the MRD were collected after 24 h and 48 h. The DNA
was extracted from biofilms, as described in Section 2.2.1, and each species was quantified by
qPCR (Figure 3. 8). The results showed that the biofilms were reproducible and there were no
significant differences (p>0.05) between any of the individual species with and without 0.1%
sucrose (Figure 3. 8a). In addition, the total numbers of bacteria present were not significantly
different in the presence or absence of sucrose (Figure 3. 8b).
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Figure 3. 8 Quantification of bacterial cells in early coloniser mixed species biofilms.
Bacterial cells/mm2 of stainless steel biostuds were quantified by qPCR after 24h and 48h in
the MRD without and with 0.1% sucrose. Mean ± SD of three independent experiments is
shown. There were no significance differences (p>0.05) between any species in the presence
vs absence of sucrose (a). The same record was noted in the total number of bacterial cells
within the biofilms community (b).
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3.3.3 SEM of early coloniser mixed species biofilms
The early coloniser mixed species biofilms were visualised by SEM (Figure 3. 9). In biofilms
with sucrose (Figure 3. 9b), chains of cocci appeared more predominant when compared with
biofilms grown in the absence of sucrose (Figure 3. 9a). In addition, matrix substances were
apparent as thread like forms or granules in biofilms with and without 0.1% sucrose. A. oris
cells were clearly apparent as the only rod-shaped species. However, in contrast to
monocultures (Figure 3. 1), all A. oris cells appeared to be straight rods in the mixed-species
biofilms.

a)

no sucrose

b)

0.1% sucrose

Figure 3. 9 SEM images of early coloniser mixed species biofilms, without sucrose (a), and
with 0.1% sucrose (b). Chains of cocci tended to be more predominant in biofilm samples
with 0.1% sucrose (b). Biofilm matrix substances were distributed between the bacterial cells
either as threads (long arrows), or as granules on the surfaces of the cells (short notched
arrows).
3.3.4 Comparison of tooth surfaces versus biostuds as biofilm substrate by SEM
To assess if the stainless steel biostud was a suitable substrate for the MRD model, composite
studs containing intact enamel sections of permanent molars were prepared as described in
Section 2.4.3. These studs were used in parallel with stainless steel biostuds as substrates for
biofilm development. From SEM, there was no qualitative difference in the appearance of
biofilms on tooth sections from those developed on biostuds (Figure 3. 10). On both
substrates, biofilms cultured in 0.1% sucrose showed granular structures on the surfaces of the
bacterial cells (Figure 3. 10c, and d). Chains of cocci were clearly apparent in biofilms
cultured with 0.1% sucrose on tooth sections or on biostuds (Figure 3. 10c, and d), and were
less obvious in biofilms cultured without sucrose (Figure 3. 10a, and b). The SEM images
also showed differences in surface texture between the two biofilm substrates. Enamel pores
were clearly apparent within the tooth section, while the metal biostud surface was obviously
non-porous (Figure 3. 10e, and f).
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Enamel

a) Tooth

c) Tooth

Stainless

no sucrose

0.1% sucrose

e) Tooth

b) Stainless steel

no sucrose

d) Stainless steel

0.1% sucrose

f) Stainless steel

Figure 3. 10 SEM images of early coloniser mixed species biofilms developed on tooth
sections in the MRD without and with 0.1% sucrose (a, c), in comparison to stainless steel
biostuds (b, d). The images showed different bacterial phenotypes. Chains of cocci tended to
be more predominant in biofilm samples with 0.1% sucrose (c, d). Biofilm matrix substances
were distributed between the bacterial cells either as threads (long arrows), or as granules on
the surfaces of the cells (short notched arrows). Enlargement views (e, f) showed differences
between the textures of the two surfaces. Enamel pores (yellow square in e), and stainless
steel surface (yellow triangle in f). Qualitatively, there were no major differences between
biofilms developed on tooth sections, and those on stainless steel.
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3.4 Discussion
Monoculture of S. gordonii DL1, A. oris MG1, and V. parvula PK1910 showed that each
bacterial species had its own morphological appearance. A. oris MG1 appeared as clumps of
pleomorphic rods. S. gordonii grew as chains of slightly elongated coccoid cells. V. parvula
cells were smaller than S. gordonii and appeared to be spherical. The growth of these pioneer
species in mixed culture biofilms had an unexpected effect on A. oris MG1, which appeared
only as straight rods. This was consistent with SEM images of A. oris in mixed species
biofilms throughout the project. However, changes of this nature have not previously been
reported in A. oris. Therefore, the culturing of A. oris in mixed species biofilms needs further
investigation to understand the cause of such morphological changes. However, other
bacterial species have shown morphological changes when grown in mixed species biofilms
versus their single species biofilms. An isolate TM7 demonstrated morphological changes,
when cultured with different oral bacterial species, that differ in appearance from their very
long filaments in their monospecies biofilms (Soro et al., 2014). These changes vary from
long filaments in biofilms with Actinomyces oris or Fusobacterium nucleatum to small rods
or cocci with Parvimonas micra, or Streptococcus gordonii biofilms. Such alterations were
correlated with the metabolic conditions of the mixed cultures biofilms, as well as to
signalling from the other biofilms bacterial partners.

Matrix structures were observed in each monospecies biofilm as well as in the early coloniser
mixed species biofilms, and appeared as threads or granules scattered between the microbial
cells in the biofilms. In general, biofilm matrices are composed of a variety of
macromolecules and exopolysaccharides (EPS), proteins, lipids, nucleic acids, and even
lipopolysaccharides have been identified (McSwain et al., 2005; Jain et al., 2013).
Actinomyces has been shown to produce exopolysaccharides such as soluble fructans, from
the action of fructosyltransferase Ftf exoenzyme (Bergeron and Burne, 2001; Yamane et al.,
2013). As a sucrose metabolism end-product, fructans may serve as an additional
carbohydrate source and may aid bacterial aggregation in the oral cavity (Yeung, 1999; Rozen
et al., 2001; Zijnge et al., 2011). S. gordonii also has a single glucosyltransferase Gtf
exoenzyme, known as GtfG, which can catabolise sucrose and synthesise soluble and
insoluble glucans in the biofilm matrix (Huang et al., 2014; Ricker et al., 2014).

The addition of 0.1% sucrose during biofilms growth of A. oris monocultures or mixedspecies cultures resulted in a slight increase in EPS compared with no sucrose, while such
observation was not demonstrated within S. gordonii and V. parvula monospecies biofilms
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matrix structures. Previous studies have also demonstrated slight increases in EPS levels with
0.1% sucrose. For example, the effect of different sucrose concentrations on EPS formation
were assessed in mixed species biofilm established from A. oris, S. oralis, and S. mutans
(Xiao et al., 2012). At 1% sucrose, there was more EPS accumulation compared with 0.1%
sucrose. However, even 0.1% sucrose resulted in some EPS, and biofilms were clearly
distinct from those grown in 1% glucose, where there was only a thin layer of bacterial cells,
and no detectable EPS. In the current work, the use of 1% sucrose was avoided since such
high concentrations have previously been found in our research group to result in occlusions
of the tubing (Yassin et al., 2016).

Since the biofilm matrix in S. gordonii and V. parvula biofilms was not affected by sucrose, it
is likely that these matrices were primarily composed of macromolecules that are not
dependent on sucrose. Another constituent in biofilm matrix is the extracellular DNA
(eDNA), and there is evidence that extracellular DNA (eDNA) is an important component of
the dental plaque biofilm matrix (Rostami et al., 2017). S. gordonii produces eDNA in a lysisindependent process that is linked to H 2 O 2 production (Zheng et al., 2011; Zhu and Kreth,
2012). The processing of the developed mixed species biofilms is investigated in the next
chapters of this study, to detect the presence of some of these extracellular polymers. As the
bacterial community in mixed species biofilms is variable, the composition and structure of
the biofilm matrix is also variable, and both are changeable with time and influenced by the
condition of the local environment (Hojo et al., 2009; Yang et al., 2011). Veillonella, another
pioneer species in early colonisers mixed species biofilms, and another Gram negative
bacterial species, produces membrane vesicles in culture filtrates (Bladen and Mergenhagen,
1964; Zhou et al., 1998). The vesicles may make an important contribution to the biofilm
matrix (Schooling and Beveridge, 2006).

The bacterial cells of early colonisers’ biomass in mixed species biofilms were quantified by
qPCR. Plasmid DNA was used as standard template for quantification, and the suitability of
plasmids as qPCR standard templates has previously been assessed (Hou et al., 2010). A
serial dilution of different DNA standards was amplified and used to create an absolute qPCR
standard curve, such as a PCR amplicon, a manufactured oligonucleotide, a chromosomal
DNA, and a plasmid DNA. A significant impact on the accuracy of absolute quantification by
qPCR has been demonstrated when using plasmid DNA containing the target sequence as a
quantification standard. Plasmids are widely used as standards for qPCR and have generally
been considered suitable templates due to their high stability and little degradation during
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storage, ease in preparation, and reproducibility (Hou et al., 2010; Lin et al., 2011). However,
there are some concerns that they can overestimate, leading to the consideration of linear
plasmids for future work. Nevertheless, the efficiency differences between the used circular
plasmid and the suggested linear plasmid were not significant (Hou et al., 2010; Oldham and
Duncan, 2012).

The concentration of each plasmid template was measured using PicoGreen assay, and the
bacterial cells were counted based on the number of plasmid molecules calculated from the
measured concentration. UV absorbance and the fluorescent dye-binding method are two
molecular biology assays used to quantify DNA (Lin et al., 2011). A PicoGreen doublestrained DNA (dsDNA) reagent assay has recently become a more popular means of
quantifying DNA based on the binding of a fluorescent dye, since it is a relatively sensitive
and specific fluorescent dye-binding method of low cost.

One important limitation of qPCR is that it does not distinguish between dead bacterial cells
and live ones. There are a number of alternative methods that can be used to quantify viable
cells. Measuring colony forming units (CFU) is standard practice for planktonic cells.
However, it is less appropriate for biofilms, since it is difficult to fully disperse cells from the
surface and to break up cell aggregates (Ammann et al., 2013). Although there is often a good
correlation between CFU and cell counts determined by qPCR, CFU counts tend to be lower
(Klein et al., 2012; Ammann et al., 2013). Therefore, it has been suggested that it is not
appropriate to combine the use of CFU counting and qPCR for analysis (Ammann et al.,
2013). Live:dead stain can be used to quantify the proportion of live cells in a biofilm (Blanc
et al., 2014). However, this does not distinguish between different species. In addition, the
research laboratory at Newcastle is in a separate location from the CSLM. The logistics of
taking samples to the CSLM mean that there is always a delay between collecting biofilms
and visualising them, and it is possible that some cells may die during transit. A variant of
qPCR has been introduced using ethidium monoazide (EMA) or propidium monoazide
(PMA) to photo crosslink DNA in dead cells or in the biofilm matrix and prevent PCR
amplification (Sherry et al., 2016). In theory, PCR amplification then just comes from live
cells. However, it is important to conduct extensive optimisation for this method to ensure
that the signal genuinely distinguishes live from dead cells (Cangelosi and Meschke, 2014;
Elizaquível et al., 2014). It is not easy to identify conditions that will be appropriate for
multiple species, including gram-negative and gram-positive bacteria, in a single sample.
Therefore, there is no easy method for quantifying live cells in biofilms.
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Since the main aim of the model was to investigate the accumulation of microbial cells within
the biofilm over a relatively short time frame, it was felt that qPCR was the most appropriate
method as it is highly sensitive, it is species-specific and the extraction of DNA template is
relatively straightforward. It was reasoned that qPCR would detect the growth of cells as an
increase in biomass on the substratum, and indeed relatively high concentrations of cells were
observed at the surface after incubation for 24 h, in some cases reaching >108 cells/mm2.
There was no significant change in the quantity of any species between 24 h – 48 h. It is
possible that there may have been some cell death over this time, which would not necessarily
have been detected by qPCR. However, in other models it has been shown that cell viability
remains relatively stable over this period. For example, in a 96-well microplate model
containing the early colonisers Streptococcus oralis ATCC1 9811™, Actinomyces naeslundii
DSM 43013, and Veillonella dispar DSM 20735, in addition to the periodontal pathobiont
Porphyromonas gingivalis DSM 20709, live:dead staining with SYTO9 and propidium iodide
demonstrated cell viability of 97.9% (± 0.1) and 95.2% (± 0.5) after 24 h and 48 h,
respectively (Kommerein et al., 2017). Further, there was no significant decrease in viable
cells between 24 h and 48 h using ‘vitality qPCR’, in which extracellular DNA or DNA
within dead cells was cross-linked with propidium monoazide to prevent PCR amplification.
Similarly, in a five-species model containing Actinomyces naeslundii, Veillonella dispar,
Fusobacterium nucleatum, Streptococcus sobrinus and Streptococcus oralis viable cell
numbers, measured by dispersing the biofilm and counting CFU, rapidly increased between
0.5 h and 16.5 h, then slowed between 16.5 h and 40.5 h, and remained stable from 40.5 h to
64.5 h (Guggenheim et al., 2001). Even after 64.5 h, total CFU were at 85% of the maximum
level. Even though it is likely that most cells remained viable after 48 h, it was considered
prudent to use 24 h biofilms as the basis for examining the integration of S. mutans in the next
sections of work. By 24 h the biofilms had reached maturity and there was no benefit to
extending the incubation.

Using qPCR, it was shown that S. gordonii and V. parvula accumulated to relatively high
numbers on surfaces within 24 h, and there was no significant different between the levels of
these species. V. parvula was able to grow in an aerobic condition although it is a strict
anaerobe. In contrast, the A. oris counts were consistently 10-100X lower than S. gordonii or
V. parvula. The different relationship between these pioneer bacteria in mixed species
biofilms may play a role in driving the relative levels of each species. The three pioneer
species biofilms with A. oris, S. gordonii, and V. parvula were stable and reproducible.
Quantitatively, it appeared that S. gordonii and V. parvula grew mutualistically, whereas A.
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oris maintained lower numbers. In dual-species or three-species biofilms containing early,
middle, and late colonisers of oral biofilms, a number of synergistic and antagonistic
interactions have been documented (Periasamy et al., 2009; Periasamy and Kolenbrander,
2009b; Periasamy and Kolenbrander, 2009a; Periasamy and Kolenbrander, 2010). In general,
it is difficult to predict which species will grow synergistically. However, Veillonella has
been shown to be compatible with many other species and can grow mutualistically in biofilm
models with F. nucleatum and A. actinomycetemcomitans (Periasamy and Kolenbrander,
2009a). A. oris is often present at relatively low numbers in biofilm models when co-cultured
with Streptococci and other species. For example, A. oris was lower than the other species in a
3-species model containing Veillonella sp. and P. gingivalis (Periasamy and Kolenbrander,
2010).

In dual species biofilms of S. gordonii and A. oris, the cell numbers of A. oris were lower than
their growth in monocultures after 24 h, likely due to antagonism from the production of
H 2 O 2 by S. gordonii (Jakubovics et al., 2008). In contrast, the coaggregation between these
two species can protect S. gordonii against the oxidative damage of self-produced H 2 O 2 . On
the other hand, intergeneric coaggregation between S. gordonii and V. parvula is an important
factor in cooperative communications between these species in mixed biofilm, and can be
related to the survival of anaerobic bacteria such as V. parvula in aerobic conditions
(Bradshaw et al., 1998). In addition, the existence of V. parvula with S. gordonii encouraged
the expression of amylase in S. gordonii, and this enables them to ferment the carbohydrate
and produce lactic acid as an end product (Egland et al., 2004; Johnson et al., 2009; Washio et
al., 2014). The production of lactic acid establishes a food chain for V. parvula that can
metabolise it and use as a source of energy.

The addition of 0.1% sucrose did not have a statistically significant effect on the numbers of
early colonisers in mixed species biofilms. The numbers of each pioneer species were
unaffected, and the community composition also appeared to be stable, regardless of the
presence/absence of 0.1% sucrose. Bacterial diversity with 0.1% and 0.5% sucrose was
assessed in vitro mixed species biofilms established from growing saliva inoculum, and
compared with control biofilms established without sucrose (Edlund et al., 2013). The
diversity of the biofilm cultured in a Schenk and Hildebrandt (SHI) medium supplemented by
higher sucrose concentration of 0.5% provided a bacterial community profile more akin to the
diversity in the natural saliva inoculum. The biofilm cultured in 0.1% sucrose was similar to
that grown in 0.5% sucrose, with the main exception that there were increased levels of
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subgingival bacterial members, such as Porphyromonas in the biofilm community profile. In
contrast to both biofilms established with sucrose, the no sucrose control had less diversity
and a community dominated by unidentified Streptococcus species and S. mitis. Therefore,
relatively low levels of sucrose (0.1%) appear to be a relatively weak selective agent for oral
biofilms and particularly for biofilms formed from early colonisers. Thus, it should be
possible to assess the effects of 0.1% sucrose on S. mutans colonisation without dramatically
affecting the underlying early coloniser biofilm.

Hydroxyapatite has previously been used as a substrate for biofilms in the MRD (Blanc et al.,
2014). We were unable to find hydroxyapatite discs of the appropriate dimensions from a
commercial source, and so we chose to use an inert surface such as stainless steel. Using
MRD stainless steel biostuds as a substrate on which to establish biofilms in comparison with
human enamel showed that, qualitatively, biofilms on stainless steel were similar to those on a
natural substrate. Therefore, the MRD stainless steel biostuds were selected as the biofilm
substrate throughout this project.

In summary, a model has been developed for establishing reproducible early coloniser mixed
species biofilms from three pioneer colonisers of dental plaque. These biofilms can then be
challenged with later colonisers such as S. mutans strains. The addition of 0.1% sucrose had
no observable effect on bacterial cell numbers within biofilms, or on the biofilms community,
but slight differences were shown in the presence of sucrose in the extracellular matrix of A.
oris monoculture, and in the early colonisers mixed species growth. Biofilms developed on
the stainless steel biostuds were not qualitatively different from those developed on tooth
sections, indicating that stainless steel is a suitable substrate for biofilm development in the
MRD.
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Chapter 4. Incorporation of S. mutans UA159 into Preformed
Biofilms
4.1 Outline and Aims
In Chapter Three, stable models of early coloniser mixed species biofilms with and without
0.1% sucrose were developed using the MRD. This chapter focuses on how the preformed
early colonisers mixed species biofilms were challenged with S. mutans UA159, to assess the
ability of S. mutans to colonise a pre-existing biofilm. Early colonisers such as S. gordonii,
V. parvula and A. oris provide binding sites and environmental conditions that facilitate the
establishment of many other species. Further colonisation and development of early coloniser
biofilms leads to the establishment of highly organised and well differentiated multispecies
biofilm communities, with the attachment of the secondary colonisers. The strength of
biofilms is supported by the presence of extracellular polymeric substances within the biofilm
matrix, including EPS, for example (Xiao et al., 2012).

S. mutans can attach to substrates by sucrose-independent and sucrose-dependent mechanisms
(Banas, 2004). Several sucrose-independent adhesions are expressed by S. mutans cells and
may promote binding to the salivary acquired pellicle (Wan et al., 2003; Lévesque et al.,
2005). These sucrose-independent adhesions include P1 that are also known as antigen I/II,
SpaP, and Pac (Sullan et al., 2015), fructanase (FruA), wall-associated protein A (WapA),
which is also identified as collagen-binding adhesion (Han et al., 2006), wall-associated
protein E (WapE), and dextranase (DexA) (Lévesque et al., 2005; Oli et al., 2012). Sucrosedependent adhesion involves the production of extracellular glucans by glucosyltransferases
(GTFs) exoenzymes of S. mutans or other species, which are then substrates for binding by
glucan binding proteins Gbps (GbpA, GbpB and GbpC) (Lynch et al., 2007; Lynch et al.,
2013).

Following the adhesion of S. mutans, more EPS accumulates, leading to the development of
mature biofilms. S. mutans is particularly adept at producing EPS, since it has three different
GTFs exoenzymes (GtfB, GtfC, and GtfD) that can synthesise glucans from sucrose (Bowen
and Koo, 2011). In addition, S. mutans produces a fructosyltransferase (Ftf) exoenzyme that
creates fructans from sucrose. In addition to providing binding sites for S. mutans, the
extracellular glucans and fructans increase the bulkiness and structural consistency of the
biofilm extracellular matrix (Klein et al., 2009; Habimana et al., 2014).
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Environmental factors such as nutrients and pH levels have important effects on S. mutans
biofilms maturation (Shumi et al., 2010). Local colonisation and accumulation of bacteria on
the teeth can be promoted by the EPS formed on surfaces, causing the assembly of an intricate
polymeric matrix, and accumulation of microcolonies. The resident microorganisms in this
matrix are protected from antimicrobials such as chlorhexidine (CHX) and are difficult to
remove (Matsui and Cvitkovitch, 2010; Shumi et al., 2010; Senadheera et al., 2012).

S. mutans is an adaptable species when competing against close families of the same nutrient
sources or niche. S. mutans produces several bacteriocins that can kill a range of oral bacteria
and release their DNA, which in turn is an important factor in stabilising the architecture of
biofilms (Li et al., 2001; Kreth et al., 2005a; Kolenbrander et al., 2010). Bacteriocin
production is co-ordinated by peptide signalling molecules such as competence stimulating
peptide (CSP) (Dufour et al., 2011; Lemme et al., 2011) and sigma X-inducing peptide (XIP)
(Mashburn-Warren et al., 2010). S. mutans may also change the biofilm environment by
reducing the pH, since S. mutans can ferment a variety of dietary carbohydrates to organic
acids. The acidification of dental plaque inhibits many competing species and ultimately may
lead to dental caries (Matsui and Cvitkovitch, 2010; Xu et al., 2011). To survive in such an
acidic environment, S. mutans can employ different mechanisms such as up-regulating the
membrane-bound F 0 F 1 -ATPase system to pump protons out of the cell. This assists in
maintaining its internal pH value (Kuhnert et al., 2004) by shifting the fatty acid composition
of the cell membrane from saturated fatty acids to unsaturated. In turn, this changes the
transmembrane proteins activity by affecting the permeability of the cell membrane to protons
important for maintaining pH (Baker et al., 2016), and there is also an increase in lactic acid
excretion (Fozo and Quivey, 2004; Cross et al., 2016). These mechanisms are part of the acid
tolerance response (ATR), which can explain the ability of S. mutans to succeed in an
environment that many competing oral bacteria find harmful (Matsui and Cvitkovitch, 2010;
Senadheera et al., 2012).

To quantify S. mutans in mixed-species biofilms, it is important to use a method selected for
S. mutans. Quantitative PCR using TaqMan probes is a highly sensitive and specific method
of detecting and quantifying the numbers of S. mutans when grown in monoculture biofilms,
or when inoculated to challenge preformed early colonisers mixed species biofilms (Yoshida
et al., 2003; Childers et al., 2011). Fluorescent In Situ Hybridisation (FISH) was also used in
this study to visualise S. mutans integration within the preformed early coloniser mixed
species biofilms. Labelling the bacterial cells within the mixed species biofilm improves
76

understanding of the spatial relationships of different bacterial species with each other. This
method has previously been applied in combination with CLSM to visualise the threedimensional arrangement of the biofilms and detect S. mutans (Al‐Ahmad et al., 2010;
Meagher et al., 2010).

The aim of this chapter is to establish a model for studying the incorporation of S. mutans into
preformed biofilms.

The objectives were:
1- To establish monoculture biofilms of S. mutans UA159, and evaluate the effects of sucrose
on bacterial cell numbers, biofilm structure, and EPS in the biofilm matrix.
2- To assess the integration of S. mutans UA159 into pre-established early coloniser mixed
species biofilms, and specifically the effects on S. mutans numbers, biofilm structure, and
visualise S. mutans position within the biofilm.
3- To assess the effects of S. mutans challenge on the early colonisers.
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4.2 Development of S. mutans UA159 Monospecies Biofilms
Initially, monospecies biofilms of S. mutans UA159 were established with and without 0.1%
sucrose in the MRD. This was undertaken to see how S. mutans appeared in monoculture
biofilm, to assess their growth ability without sucrose, and to determine if the addition of
0.1% sucrose would have an effect on S. mutans numbers in monospecies growth. Prior to
establishing the biofilm, a qPCR method was developed for the specific enumeration of S.
mutans.

4.2.1 Development of qPCR assay to enumerate S. mutans in biofilms
The S. mutans UA159 amplified PCR fragment was cloned in plasmid pTOPO-Sm in a
previous study (Yassin, 2015). Plasmid pTOPO-Sm was extracted from E. coli and quantified
using the PicoGreen assay. The quantified DNA concentration was 103 ng/µl. Then, the
plasmid target was amplified with primers gtfB F/R and probe gtfB P by qPCR with a
reaction efficiency of 103.7% (± 6.1). The amplified product size was checked on a 3%
agarose gel and was shown to be 112 bp as expected (Figure 4. 1).

Figure 4. 1 Gel electrophoresis of PCR fragment amplified from pTOPO-Sm with primers
gtfB F/R and probe gtfB P. The size of the qPCR amplified target was 112 bp, as expected.
There was no amplification with the negative control. Hyper-Ladder V was used as reference.
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4.2.2 Quantification of S. mutans UA159 in the monospecies biofilm by qPCR
Monoculture biofilms of S. mutans were established in the presence or absence of 0.1% (w/v)
sucrose using the same approach as previously described in Section 2.3.2. The biofilms were
harvested after 24h. The biofilms DNA were extracted as described in Section 2.2.1, and
quantified by qPCR. The number of S. mutans in monoculture biofilms showed a small but
non-significant difference in the cell density with versus without 0.1% sucrose (Figure 4. 2).
In total, 2 x109 CFU of S. mutans were inoculated into the system. Based on sampling of
individual steel biostud, the total load on the 12 discs at the end of the experiment was
estimated to be 7.29 x107 cells in the absence of sucrose or 3.10 x 108 cells in the presence of
sucrose. Therefore, in each case, it was not clear whether S. mutans had grown in the system.
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Figure 4. 2 Quantitative PCR determination of S. mutans UA159 in monospecies biofilms
developed in the MRD without and with 0.1% sucrose for 24 h. Bars represent the mean of
three independent MRD runs and SDs are shown. The density of S. mutans UA159 was
increased with 0.1% sucrose, but not significantly (p>0.05).
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4.2.3 SEM of S. mutans UA159 monospecies biofilms
S. mutans UA159 monospecies biofilms were visualised by SEM. Chains of S. mutans UA159
cocci were clearly visible in biofilms cultured with and without 0.1% sucrose (Figure 4. 3).
Biofilm matrix substances appeared more clearly in S. mutans UA159 monospecies biofilms
with 0.1% sucrose (Figure 4. 3b) in comparison to without sucrose (Figure 4. 3a).

a)

no sucrose

b)

0.1% sucrose

Figure 4. 3 SEM images of S. mutans UA159 in monospecies biofilms without sucrose (a),
and with 0.1% sucrose (b). Chains of cocci (yellow circles) in biofilms with 0.1% sucrose (b),
and without sucrose (a). In the presence of 0.1% sucrose, cells appeared to be covered in a
granular material (short notched arrows), which is likely to be exopolysaccharide that has
been dehydrated during SEM preparation.
4.2.4 Visualisation of EPS in S. mutans UA159 monospecies biofilms using fluorescent
dye and CLSM
The EPS of S. mutans UA159 monospecies biofilm was visualised in biofilms using
CalcoFluor White to evaluate more clearly the effect of sucrose on the EPS in the biofilm
matrix. The CLSM images clearly showed enhanced EPS in biofilms cultured with sucrose
than without (Figure 4. 4c, and d). Labelling of bacterial cells with PI indicated that there
were more cells in 24 h biofilms with 0.1% sucrose when compared with these without
sucrose (Figure 4. 4a, and b).
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Figure 4. 4 CLSM images of monospecies S. mutans UA159 to show the exopolysaccharide
(EPS) substance in biofilm matrix. The left panels represent the biofilm sample without
sucrose, while the right panels represent the sample with 0.1% sucrose. Images (a) and (b)
show bacterial cells stained with PI (Red); (c), and (d) show exopolysaccharide stained with
CalcoFluor White (CFW) (Blue), and (e, f) are overlays. The scale bar is 50µm.
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4.3 Incorporation the S. mutans UA159 within the Preformed Early
Coloniser Mixed Species Biofilm
S. mutans UA159 was inoculated into preformed early coloniser mixed species biofilms to
assess its ability to integrate into the biofilm. The MRD were run firstly for 24 h allowing the
development of early coloniser mixed biofilms, as described in Section 3.3. The preformed
biofilms were then challenged with S. mutans UA159, and the MRD were run for an
additional 24 h to permit the establishment of mixed species biofilms.

4.3.1 Quantification of different species in biofilms following challenge with S. mutans
UA159
After S. mutans had been allowed to grow for 24 h, biofilms were harvested and each species
was quantified by qPCR using specific primers (see Table 2. 2). The addition of 0.1% sucrose
did not affect growth of any species, including S. mutans UA159, within the mixed species
biofilms (Figure 4. 5). The total CFU of S. mutans inoculated into the system was 2 x109 . By
sampling individual steel biostud, the estimated total load on the 12 discs at the end of the
experiment was 1.04 x107 cells in the absence of sucrose or 6.71 x 106 cells in the presence of
sucrose.
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Figure 4. 5 Quantification of S. mutans UA159 cells with other three pioneer species in mixed
species biofilms by qPCR. Mean ± SD of three independent experiments are shown. There
was no significant difference between counts of any species in biofilms without or with 0.1
sucrose (p>0.05).
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The presence of S. mutans UA159 did not affect the primary colonisers. This was
demonstrated by comparing the qPCR of the early coloniser mixed species biofilms described
in Section 3.3.2, with the qPCR of mixed species biofilm inoculated with S .mutans UA159
(Figure 4. 6).
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Figure 4. 6 Comparison of levels of early colonisers in biofilms without or with S. mutans
UA159 present, with and without sucrose. Numbers of each species were determined by
qPCR. Bars represent the mean ± SD of three independent MRD runs. The S. mutans UA159
did not significantly impact levels of any other species within the biofilms (p>0.05).

4.3.2 Comparison between the levels of S. mutans UA159 in monospecies and
mixed species biofilms
The numbers of S. mutans UA159 cells in monospecies, and in mixed species biofilm with
and without 0.1% sucrose, were compared to assess differences in the growth of S. mutans
UA159 (Figure 4. 7). Although levels of S. mutans appeared higher in monospecies than in
mixed species biofilms in the presence of sucrose, the difference was not significant (p>0.05).
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Figure 4. 7 Comparison of S.mutans UA159 cells within mixed species and monospecies
biofilms without and with 0.1% sucrose. Mean ± SD from three independent experiments is
shown. There was no significant difference between S.mutans UA159 counts in mixed species
versus monospecies biofilms in the presence or absence of sucrose (p>0.05).
4.3.3 FISH labelling of S. mutans UA159
To label S. mutans UA159 specifically in mixed species biofilms, a FISH assay was
developed. The specificity of the FISH probe for S. mutans was assessed via planktonically
grown cells of A. oris MG1, S. gordonii DL1, V. parvula PK1910, and S. mutans UA159,
which were processed with Universal and S. mutans FISH-PNA probes as described in
Section 2.5.1. The labelled samples were prepared for epifluorescent microscope examination
and imaging (as in Section 2.6.2). The epifluorescent microscope images results (Figure 4. 8)
showed that the S. mutans probe (Figure 4. 8 right panels) specifically labelled the S. mutans
UA159 as intended (Figure 4. 8h). In contrast, the universal probe (Figure 4. 8 left panels)
fluorescent labelling showed all four species (Figure 4. 8a, c, e, and g respectively).
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Figure 4. 8 Epifluorescence Microscope images of the bacterial cells labelled by FISH. PNA
probes (Universal probe-left panels), and (S. mutans probe-right panels) were used to label the
monocultures of each species. A. oris MG1 (a, b), S. gordonii DL1 (c, d), V. parvula PK1910
(e, f), and S. mutans UA159 (g, h). The images show that the Universal bacterial probe
labelled the four species, while the S. mutans probe labelled only S. mutans UA159. The scale
bar is 10µm.
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Detection of S. mutans UA159 within mixed species biofilms by FISH
Mixed species biofilms challenged with S. mutans UA159 were processed with FISH
labelling to detect S. mutans within the biofilms. The biofilms were collected before and after
inoculation, and treated by Universal and S. mutans FISH PNA probes as described in Section
2.5.1. The treated biofilm was prepared for CLSM examination and imaging as described in
Section 2.6.3. The CLSM image results (Figure 4. 9) demonstrated the biofilm samples before
(Figure 4. 9 left panels), and after (Figure 4. 9 right panels) inoculation of S. mutans UA159.
Fluorescent detection of FISH probes confirmed that the S. mutans UA159 was present in the
biofilms (Figure 4. 9d, and g).

The images of biofilm sections (Figure 4. 10) show the biofilms before S. mutans inoculation.
Labelling with both FISH probes showed only the Universal probe detection (Figure 4. 10a),
in comparison to the absence of any detection with S. mutans probe (Figure 4. 10b). In
contrast, images of biofilm sections (Figure 4. 11) illustrate the biofilms after S. mutans
UA159 challenging. The processing of biofilms using both FISH probes showed clear
incorporation of the S. mutans UA159 across the biofilm, and fluorescent labelling was
detected from S. mutans probe (Figure 4. 11b).
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Figure 4. 9 CLSM images of mixed species biofilms before (left panels), and after (right
panels) inoculation of S. mutans UA159. A PNA probe was used to detect the S. mutans
UA159 within the mixed species biofilms by FISH. The universal bacterial probe (AlexaFluor
488 – in green) detected many bacterial cells within mixed species biofilms (a, b). The S.
mutans probe (CY5 – in red) detected the S. mutans UA159 cells only in biofilms after
inoculation (d). The images (e, f) show the overlay of both fluorescent dyes. A single vertical
slice through the biofilm, the dashed rectangle in panel (f), containing S. mutans (white
arrows) is shown in panel (g). The scale bar is 50µm.
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Figure 4. 10 Sectioning CLSM imaging of FISH-labelled biofilms before being challenged
with S. mutans UA159. Only the green dye conjugated with Universal probe detected
bacteria. There was no signal from the S. mutans probe conjugated with red dye, indicating an
absence of S. mutans.
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Figure 4. 11 Sectioning CLSM imaging of FISH labelled biofilms after S. mutans UA159
challenging. S. mutans UA159 was visualised throughout the biofilm sections, as shown by
the red dye (d).
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4.3.4 SEM of mixed species biofilms
Scanning Electron Microscope examination was undertaken for mixed species biofilms before
and after inoculation of S. mutans UA159 to visualise the structure of the biofilm and assess if
the structure was affected by S. mutans UA159 with and without the presence of 0.1%
sucrose. The SEM images (Figure 4. 12) show the appearance of chains of cocci in both of
0.1% sucrose samples before and after S. mutans UA159 inoculation (Figure 4. 12b, and d).
The biofilm matrix is represented by the presence of threads and granules. More matrix
substances were apparent after S. mutans inoculation in both biofilms with and without
sucrose (Figure 4. 12c, and d), compared with biofilms before S. mutans inoculation (Figure
4. 12a, and b). There was variation in the appearance of biofilms matrix substances with and
without sucrose in biofilms challenged with S. mutans. Granular structures predominated in
the biofilm matrix substance in the biofilm with sucrose (Figure 4. 12d), while in that without
sucrose the predominant appearance of biofilm matrix substances was thread-like structures
(Figure 4. 12c).
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Figure 4. 12 SEM images of mixed species biofilms before (a, b), and after (c, d) inoculation
of S. mutans UA159. The left panels represent mixed species biofilms without sucrose, while
the right panels represent biofilms with 0.1% sucrose. Chains of cocci (yellow circles) tended
to be more predominant in the presence of sucrose. Biofilm matrix substances were
distributed between the bacterial cells either as thread shapes (long striped arrows), or as
granules (short notched arrows). Changes appeared in the matrix substances after the
inoculation of S. mutans UA159. In particular, with sucrose there was more granular material
observed (compare b with d). Without sucrose, an increase in thread-like structures was seen
(comparing a with c).
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4.4 Discussion
S. mutans was able to grow and establish monoculture biofilms after 24 h in both the
absence and presence of 0.1% sucrose. Although the qPCR method used did not assess
viability of cells, in monoculture S. mutans tends to remain viable in biofilms over 24 h
periods (Decker et al., 2014). Earlier studies have shown that S. mutans adherence and
colonisation on tooth surfaces is sucrose-independent (Houte et al., 1976; Guggenheim et
al., 2001). S. mutans can use cell surface proteins such as Ag I/II to adhere to glycoprotein
receptors in the acquired salivary pellicle on tooth surface for sucrose-independent
adhesion (Sullan et al., 2015). However, the presence of sucrose has been shown to be
involved in bacterial attachment too, thus affecting the subsequent development of
biofilms. For example, under static growth conditions S. mutans was only able to establish
a biofilm in the presence of sucrose, whilst no biofilm was observed without sucrose
(Shumi et al., 2010). A similar observation was shown when growing S. mutans using a
flow system and glass beads as the biofilm substrate. The sucrose was also required to aid
bacterial cells attachment and establish a biofilm (Shumi et al., 2010). In this study, a flow
system was also used to establish biofilms. A relatively low concentration of sucrose
(0.1%) was employed here and it is possible that increased biofilm formation would have
been observed with higher concentrations. In addition, the stainless steel surface used as
substrate for biofilm establishment was different from previous studies, and this may also
have affected biofilm growth.

When S. mutans was inoculated into preformed early colonisers mixed species biofilms, it
was able to colonise and grow. Although the numbers of S. mutans cells were approximately
ten-fold lower in mixed-species biofilms than in monoculture biofilms in the presence of
0.1% sucrose, differences were not statistically significant. There was also approximately a
two-fold reduction in S. mutans in mixed species compared with monospecies biofilms when
sucrose absence, but these differences were also not statistically significant. Therefore, overall
it appears that S. mutans UA159 was able to colonise pre-formed biofilms well and integrate
with the existing species. A variety of synergistic and antagonistic relationships have been
described between the early colonisers used here and S. mutans. For example, S. gordonii has
the ability to inhibit the growth of S. mutans by producing hydrogen peroxide (H 2 O 2 ) (Zheng
et al., 2011; Zeng et al., 2012). To overcome such interspecies competition, S. mutans can
excrete bacteriocins in protection (Kreth et al., 2005b; Kreth et al., 2008). S. gordonii can also
release DNA, which in turn may activate S. mutans competence system, and increase
bacteriocin production. Furthermore, the presence of V. parvula in mixed species with S.
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mutans and S. gordonii had a great effect on the competitive relationship between these two
antagonist species. S. mutans showed better growth in mixed species biofilm with S. gordonii
and when V. parvula was present, unlike its growth in dual species with S. gordonii, which
was less (Liu et al., 2011). Veillonella spp. are often found in association with S. mutans and
benefit S. mutans by utilising the lactic acid produced during S. mutans metabolism (Kara et
al., 2007; Aas et al., 2008). Overall, in the biofilm model here, the antagonistic and
synergistic interactions appeared to balance out since S. mutans was able to colonise a preexisting biofilm just as well as a saliva-coated surface.

Challenging the preformed mixed species biofilms with S. mutans UA159 did not appear to
significantly affect levels of the pioneer species, with the possible exception that a slight (but
not significant) increase was observed in V. parvula numbers following S. mutans challenge
in the presence of 0.1% sucrose. It should be noted that the model was not specifically set up
to investigate competition. In particular, the use of qPCR to enumerate biomass would not
necessarily have detected cell death unless the DNA template was degraded. Nevertheless,
observations that Veillonella numbers were slightly (though not statistically significantly)
increased following inoculation with S. mutans are consistent with previously published work.
For example, epidemiological studies to identify different bacterial species by sampling
human carious lesions has shown that a high number of Veillonella is associated with high a
number of S. mutans (Aas et al., 2008). In addition, higher acid production was identified in
plaque samples containing both species rather than just one (Noorda et al., 1988). The
metabolic relationship between S. mutans and V. parvula will potentially allow mutual growth
in biofilm development (Kara et al., 2007). The observation that growth of Veillonella was
only slightly, if at all, stimulated by S. mutans may either be due to a low concentration of
added sucrose, where the lactate produced was insufficient to support more Veillonella
growth, or because Veillonella was able to obtain enough lactate from other pioneer species in
the preformed biofilms used in our system.

In S. mutans monoculture, there was evidence that the matrix was affected by the addition of
sucrose. Specifically, there was clear increased matrix production and the appearance of
granular materials with 0.1% sucrose than without, possibly because S. mutans produces
glucans and fructans from sucrose. S. mutans can metabolise the sucrose via their exoenzymes
Gtfs into the monosaccharides fructose and glucose, and at the same time the glucose can be
polymerised by these enzymes to form glucans (Banas and Vickerman, 2003). Both of these
polysaccharides are very important for the involvement of S. mutans in developing a biofilm
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community (Biswas and Biswas, 2005; Takahashi and Nyvad, 2008). When S. mutans was
grown in a flow system using different sucrose concentrations from zero to 1 mM, no EPS
was detected with sucrose absent, and the attached cells were able to produce detectable EPS
starting from 0.01 mM sucrose, and the amount increased when the sucrose concentration
increased (Shumi et al., 2010). In addition, the presence of sucrose greatly enhanced the
ability of S. mutans bacterial cells to form biofilm, as it is important for their attachment and
production of different polysaccharide polymers. In our study, the added sucrose was 0.1%,
which is approximately 2.9 mM; thus, the produced EPS in biofilm with sucrose addition was
clearly detectable in comparison to biofilm with no sucrose, as the concentration of added
sucrose here was higher to that previously mentioned. The presence of exopolysaccharide was
confirmed using CalcoFluor White, which specifically stains polysaccharides (Maeda and
Ishida, 1967). This dye has also been used to stain S. sobrinus α-(1,3) linked mutan, and S.
oralis and S. sobrinus α- (1,6) linked dextran in their biofilm matrix (Thurnheer et al., 2004).
In mixed species biofilms, the recognised effect of S. mutans when challenging preformed
biofilms was also shown to be in the appearance of biofilm matrix structures. Accumulated
granular structures on cell surfaces were demonstrated in the biofilm with sucrose addition
after S. mutans inoculation, which appeared to be EPS. The synthesis of EPS, as one
important biofilm matrix structure, can be greatly influenced when S. mutans are involved in a
dental biofilm community, and especially when sucrose is also present (Koo et al., 2010b).
S. mutans is particularly adept at producing glucans and fructans from sucrose since it has
four different enzymes that can form more EPS in biofilm matrix (Loesche, 1986; Leme et al.,
2006), as previously mentioned.

In addition, thread-like matrix structures were also shown to be scattered among bacterial
cells in the biofilms without sucrose addition after the S. mutans challenge. These structures
may be non-sucrose dependent matrix substances, since they appeared to increase in biofilms
cultured without sucrose. Extracellular DNA (eDNA) is non-sucrose dependent and another
major component of biofilm matrix structure that has been shown to be produced by S.
mutans, in addition to EPS (Whitchurch et al., 2002). S. mutans competence-stimulating/
inducing peptides CSP/XIP signalling can induce cell death, resulting in eDNA synthesis and
significantly influencing biofilm establishment (Petersen et al., 2005; Perry et al., 2009;
Wenderska et al., 2012). In addition to cell lysis, S. mutans can produce eDNA by another
pathway such as membrane vesicles, and protein secretion and membrane insertion pathway
(Liao et al., 2014). The eDNA is considered a useful constituent of S. mutans biofilm, and has
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an important role in biofilm formation, maturation, and stability, both with and without
sucrose (Petersen et al., 2005; Klein et al., 2010). However, further studies will be required to
characterise the nature of the polymer in more detail.

Using two different FISH probes, S. mutans was directly observed within the mixed-species
biofilm community. When reviewing the biofilm sections, the integrated S. mutans appeared
as several clumps of microcolonies, which were scattered separately within the biofilms mass.
In the serial xy sections, and a representative xz slice of the biofilm, S. mutans appeared to be
most abundant within the middle third of biofilm, viewed from top to bottom. It seems that
following inoculation of S. mutans, the bacteria began to incorporate within the biofilm,
moving from the top of the preformed biofilm where it was inoculated toward the bottom.
These detectable S. mutans cells were likely to be metabolically active because of the FISH
probe targeting bacterial rRNA, which rapidly degrades following cell death (Al-Ahmad et
al., 2009; Meagher et al., 2010). In natural subgingival biofilms, it has been shown that cells
at the base of biofilms were difficult to visualise by FISH, possibly because they were not
metabolically active. There was gradual increase from the tooth site toward the epithelium in
the fluorescent intensity of bacterial cells labelled by the same probe. Such gradual
fluorescent intensity can reveal differences in the physiological activity of the bacterial cells
within the biofilm (Zijnge et al., 2010). In future work, the possibility of allowing a longer
time for S. mutans growth may show more observation of the fluorescent labelling and further
S. mutans incorporation into the base of the biofilm; it may also provide information on
metabolic activity gradients throughout the biofilm.

In summary, S. mutans was able to establish in mixed-species biofilms just as effectively as in
monospecies, and was detected by both qPCR and FISH. In both monospecies and mixed
biofilms, 0.1% (w/v) sucrose led to an increase in biofilm matrix material but not in the
number of S. mutans cells. In addition, S. mutans did not affect the number of cells of S.
gordonii, A. oris or V. parvula, as determined by qPCR. It was possible that the early
colonisers may have affected the viability of S. mutans or that S. mutans may have affected
the early colonisers, and that the qPCR method did not detect a loss of viability. The main
goal of the current project was to assess the adhesion of S. mutans to the biofilm. However, in
future it will be interesting to quantify viable cells using an appropriate approach such as
vitality qPCR. This will enable the monitoring of competition between early colonisers and S.
mutans over longer time periods. Overall, the mixed-species MRD system appears to be a
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suitable model for studying the factors that influence S. mutans colonisation and growth
within a relevant mixed-species oral biofilm model.
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Chapter 5. Integration of S. mutans GS5 into Early Colonisers
Mixed Biofilms with S. gordonii (Wild-Mutant)
5.1 Outline and Aims
In Chapter Four, challenging preformed early colonisers mixed species biofilms with
S. mutans UA159 showed its ability to incorporate within biofilms with and without the
addition of 0.1% sucrose. In this chapter, in the first part another S. mutans strain (GS5) was
used to challenge the same preformed biofilm and its incorporation was assessed and
compared with S. mutans UA159 to distinguish the ability of different strains of S. mutans to
incorporate within preformed mixed biofilms. In the second part, a mutant of S. gordonii
(lacking the ssnA gene and encoding an extracellular DNase) was employed to assess the
potential role of extracellular DNA in S. mutans colonisation.

There are many different species of Streptococcus found inside the oral cavity, and
S. mutans is considered to be most strongly associated with the development of dental caries
(Biswas and Biswas, 2012). S. mutans GS5 was originally isolated from a carious lesion of a
human oral cavity, and early studies following isolation of S. mutans GS5 demonstrated the
powerful cariogenic characteristic of this strain (Sharawy and Socransky, 1967). Their
colonisation within dental biofilm was linked to the development of dental caries associated
with smooth surfaces (Kuramitsu, 1973). Soon after being isolated, GS5 became much less
cariogenic (Sato et al., 2002). Two key genetic mutations are shown to present in GS5, and
have likely been fixed since the original isolation, which may affect S. mutans GS5’s ability
to colonise, and may link to their low cariogenicity. These are pac, which encodes a key cell
surface adhesion PAc (cell surface adhesion Antigen I/II) that mediates attachment to salivary
pellicle (Murakami et al., 1997), and gbpC, encoding glucan binding protein C, a glucan
receptor that is responsible for adhesion to glucans, which can be observed in the laboratory
as dextran dependent aggregation (Sato et al., 2002). The S. mutans GS5 stock in our lab
culture collection has previously been sequenced for the pac and gbpC genes and shown that
both genes carry mutations and are likely to be non-functional (Shields, 2014).

S. mutans GS5 is of serotype c, the same as strain UA159, and this serotype is the most
predominant of oral isolated S. mutans among the four serotypes (c, e, f, and k) (Nakano et al.,
2007). Genome sequences of different S. mutans strains such as GS5, UA159, NN2025, and
LJ23 were shown to have a large diversity and genome rearrangement within the species
(Biswas and Biswas, 2012). There is no genome inversion around the replication axis,
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between UA159 and GS5, unlike GS5 and NN2025, and UA159 and NN2025 (Maruyama et
al., 2009; Biswas and Biswas, 2012). The core genome of S. mutans has been estimated to
contain approximately 1, 370 genes (Song et al., 2013). The more variable component of the
genome includes genes involved in processes such as competence regulation, bacteriocin
(mutacin) production, antibiotic resistance, central carbon metabolism, and energy production.

Extracellular DNA has been shown to be important in the initial adhesion of bacterial cells
such as S. mutans, and Streptococcus epidermidis 1457 to surfaces (Das et al., 2010). The
adhesion and bacterial aggregation can be enhanced as a result of acid-based interactions that
occur when eDNA is present in the matrix of the biofilm (Das et al., 2010). Extracellular
DNA is abundant in many monospecies biofilms (Okshevsky and Meyer, 2015), and has also
been detected in mixed species biofilms such as dental plaque (Rostami et al., 2017).
Extracellular DNA has been shown to interact with carbohydrates and proteins and these
interactions appear to strengthen biofilm development, and stabilise the biofilm (Jennings et
al., 2015; Rocco et al., 2017). The biochemical analysis of Myxococcus xanthus and
Pseudomonas aeruginosa monospecies biofilms extracellular matrix, which are located over
the cell surface and connect adjacent cells, showed that there were cross-links between
exopolysaccharide and eDNA in each of these matrices due to ionic interaction. (Hu et al.,
2012; Jennings et al., 2015).

The eDNA has been shown to be a useful constituent of the S. mutans biofilm, and has an
important effective role in biofilm formation, maturation, and stability, in both the absence
and presence of sucrose (Petersen et al., 2005; Klein et al., 2010). The released eDNA during
the development of the biofilm can be degraded by bacterial extracellular deoxyribonuclease
(DNase) enzymes (Palmer et al., 2012). Certain oral bacterial species have been shown to produce
extracellular DNases that are regulated by culture conditions, for example differences in oxygen
tension or whether cells are cultured on solidified or in broth media. From a total of 34 screened
different periodontal bacterial species strains, 27 bacterial strains were able to produce
extracellular DNase (Palmer et al., 2012).

As part of this study, S. gordonii as a key oral early coloniser was shown to have the ability to
produce extracellular DNase (Palmer et al., 2012). This enzyme could potentially affect other
species in the biofilm and could decrease colonisation of species that require eDNA for adhesion.
In another study, the DNase of S. gordonii was identified as the product of a gene that has been
termed ssnA, and caused a reduction in biofilm matrix eDNA, which in turn reduced the biofilm
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stability of some monospecies biofilms (Shields, 2014). The total production of eDNA and the
sensitivity of biofilms to DNase differs between oral bacterial species such as S. mutans GS5,
A. oris MG1, and F. nucleatum 25586 (Shields, 2014). S. mutans GS5 biofilms were particularly
sensitive to the DNase. Therefore, it is hypothesise that disruption of the ssnA gene in S. gordonii
will lead to a change in the ability of S. mutans to colonise biofilms.

On this basis, the aims of this chapter are to:
1- Compare the integration of S. mutans GS5 versus S. mutans UA159 within preformed early
coloniser mixed species biofilms.
2- Investigate the influence of S. gordonii ssnA on the colonisation ability of S. mutans GS5.

The objectives are to:
1- Challenge preformed early colonisers mixed species biofilms with another S. mutans strain
(GS5), and investigate the effects on bacterial cell numbers, incorporation of S. mutans within
the biofilms, biofilm structure, and EPS in biofilm matrix.
2- Establish early colonisers mixed species biofilms with S. gordonii ssnA, in addition to other
pioneer species A. oris MG1 and V. parvula PK1910, and challenge them with S. mutans
GS5, and evaluate the effect on bacterial cell numbers, biofilm structures, and EPS in the
biofilm matrix.
3- Assess whether the incorporation of S. mutans GS5 into biofilms containing S. gordonii
ssnA is different from incorporation into biofilms containing S. gordonii wild-type
4- Visualise eDNA in the matrix of biofilm with S. gordonii ssnA.
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5.2 Inoculation of S. mutans GS5 into Preformed Mixed Biofilms with Wild-Type
S. gordonii DL1
Early coloniser mixed species biofilms containing S. gordonii, A. oris and V. parvula (see
Chapter 3 and Chapter 4) were challenged with another S. mutans strain (GS5) to see how this
strain incorporated within mixed biofilm in comparison to S. mutans UA159. The integration
of S. mutans GS5 within the preformed biofilms was evaluated. Biofilms were established as
described in Section 3.3, and the S. mutans GS5 was inoculated within the biofilms as
described in Section 4.3.

5.2.1 Quantification of S. mutans GS5 in mixed species biofilm by qPCR
Numbers of S. mutans GS5 in mixed species biofilms were quantified by qPCR. The presence
of 0.1% sucrose did not cause any significant difference in S. mutans GS5 numbers compared
to the absence of sucrose (Figure 5. 1). In addition, at zero time of S. mutans GS5 inoculation
within the biofilm with and without sucrose, the number of S. mutans GS5 bacterial cells was
2x109. After 24 h of inoculation within the biofilm, the number of S. mutans GS5 was
1.66x105 in sucrose absent biofilm, and 2.50x105 in biofilm with 0.1% sucrose. Considering
the pioneer bacterial species of the preformed mixed biofilms, there appeared to be a slight
increase in the levels of each pioneer coloniser of mixed species biofilms with sucrose.
However, these differences were not statistically significant (p.>0.05).
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Figure 5. 1 Quantification of S.mutans GS5 cells and other pioneer species within mixed
biofilms. Mean ± SD from three independent experiments is shown. The number of cells
showed no statistically significant differences with and without 0.1% sucrose. Quantification
of other biofilms species increased minimally in 0.1% sucrose compared with no sucrose
(p.>0.05 in all cases).
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5.2.2 Comparison of the quantification of S. mutans GS5 and UA159 in mixed species
biofilm
S. mutans GS5 counts and previously quantified S. mutans UA159 counts (Section 4.3.1)
were compared to evaluate how different strains of the same species integrated within
preformed early coloniser mixed species biofilms. The numbers of S. mutans UA159 in mixed
species biofilms was significantly higher (p<0.05) by nearly two orders of magnitude in
comparison to S. mutans GS5 in the absence or presence of sucrose (Figure 5. 2).
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Figure 5. 2 Comparison of the quantification of S.mutans UA159, and S.mutans GS5 cells
within mixed species biofilms without and with 0.1% sucrose. Bars represent mean of three
independent experiments with ± SDs. Numbers of S.mutans UA159 cells were higher than
S.mutans GS5 in both biofilms. The difference was statistically significant (p.<0.05).*
5.2.3 Detection of S. mutans GS5 integration in mixed species biofilm by FISH
Integration of S. mutans GS5 within mixed species biofilms was detected by FISH labelling.
Samples were gathered before and after inoculation with S. mutans GS5. Samples were
processed with FISH PNA probes, and set for CLSM investigation, as described in Sections
2.5.1 and 2.6.3, respectively. Images (Figure 5. 3d, and g) showed the integration of S. mutans
into the biofilms.
CLSM images of biofilm sections (Figure 5. 4) demonstrated FISH detection before
inoculation of S. mutans GS5. Only the universal probe gave a fluorescent signal (Figure 5.
4a), while with the S. mutans probe there was no background red fluorescence anywhere in
the biofilm (Figure 5. 4b), which confirmed the absence of S. mutans cells. In sectional
images of biofilms after culturing S. mutans GS5 within the biofilms (Figure 5. 5), the S.
mutans probe detected the integration of S. mutans GS5 scattered throughout the depth of the
biofilm (Figure 5. 5b).
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After S. mutans GS5 inoculation
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f)

50µm

50µm
g)

12.50 µm

Probes Overlay

S. mutans Probe with
CY5 (Red dye)

Universal Bacterial Probe
with AlexaFluor 488
(Green dye)

Before S. mutans GS5 inoculation

Figure 5. 3 CLSM images of mixed species biofilms before (left panels), and after (right
panels) challenge with S. mutans GS5. All bacteria within mixed biofilms were detected by
the universal bacterial probe. The S.mutans probe detected only the S.mutans GS5 cells after
their inoculation within the mixed species biofilms (d). Images (e, f) show the overlay of both
FISH probes. A vertical slice at the position indicated by the dashed rectangle in panel (f) is
shown in (g), and S. mutans is indicated by the white arrow. The scale bar is 50µm.
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Figure 5. 4 Sectioned CLSM imaging of FISH detection biofilms before S. mutans GS5
inoculation. Only the universal probe showed green fluorescent signalling, while no red
signalling was detected from the S. mutans probe (d).
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Figure 5. 5 Sectioned CLSM imaging of FISH detection biofilms after S. mutans GS5
inoculation. Incorporation of S. mutans GS5 among biofilm sections was recognised by red
fluorescent detection from the specific S. mutans FISH probe (d).
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5.2.4 SEM of mixed species biofilm
Mixed species biofilms before and after S. mutans GS5 inoculation were imaged by SEM to
assess the biofilm structure at high resolution and to evaluate if the presence of sucrose
affected the matrix structure of biofilms. SEM images (Figure 5. 6) demonstrated chains of
cocci in biofilms cultured in 0.1% sucrose before and after S. mutans GS5 addition (Figure 5.
6b, and d). Matrix substance appeared as a thread like shapes, and granules were also
observed. These matrix substances were better recognised within biofilms after inoculation of
S. mutans GS5 (Figure 5. 6c, and d), when compared with biofilms before inoculation (Figure
5. 6a, and b).
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Figure 5. 6 SEM images of mixed species biofilms before (a, b), and after (c, d) challenging
with S.mutans GS5. Chains of cocci (yellow circles) tended to be more predominant in mixed
species biofilms in the presence of sucrose (right panels) in comparison with sucrose absence
(left panels). Biofilm matrix substances were distributed between the bacterial cells either as
threads (long striped arrows), or as granules (short notched arrows). The matrix substances of
biofilms were somewhat clearer after S. mutans GS5 inoculation (c, d) in comparison with
biofilms before inoculation (a, b).
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5.2.5 Visualisation of EPS in mixed species biofilms with S. mutans GS5 by CLSM
The matrix EPS of mixed species biofilms inoculated with S. mutans GS5 was visualised
using CFW dye to assess the effect of sucrose on challenged biofilms (see Section 2.5.2).
Images (Figure 5. 7) showed the EPS in mixed species biofilms cultured without (left panels),
and with 0.1% sucrose (right panels). The red fluorescent detection of the biofilms’ bacterial
cells with PI dye did not show large differences in biofilm mass in either the absence or
presence of sucrose (Figure 5. 7a, and b). In contrast, EPS detected with CFW dye (blue
fluorescence) was clearly more abundant in biofilms cultured in the presence of sucrose
(Figure 5. 7c, and d).

107

without sucrose

0.1% sucrose
50µm

a)

b)

50µm

50µm

c)

d)

50µm

50µm

e)

f)

Overlay

CFW

PI

50µm

Figure 5. 7 CLSM images of mixed species biofilms with S.mutans GS5 to show the
exopolysaccharide (EPS) substance in the biofilms matrix. The left panels represent biofilms
without sucrose, while the right panels have 0.1% sucrose. Images (a) and (b) show bacterial
cells stained with PI (Red); images (c) and (d) show exopoly-saccharide stained with
CalcoFluor White (CFW) (Blue), and (e, f) are overlays of both dyes. The scale bar is 50µm.
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5.3 Development of Early Coloniser Mixed Species Biofilms with S. gordonii ssnA
(DNase) Mutant
Initially, mixed species biofilms were developed with S. gordonii ssnA in place of S. gordonii
DL1. The impact of the S. gordonii ssnA disruption on biofilms was assessed using a variety
of techniques. The biofilms were established with and without 0.1% sucrose via the MRD.
The assembling and running of the MRD was performed as described previously in Section
2.3.2.

5.3.1 Comparison of bacterial cell numbers in early coloniser mixed species biofilm with S.
gordonii DL1 Vs S. gordonii ssnA (DNase) mutant
Levels of V. parvula, A. oris, and S. gordonii in mixed species biofilms containing either S.
gordonii DL1 or S. gordonii ssnA were quantified by qPCR. There appeared to be small
(approximately two-fold) increases in A. oris and V. parvula in biofilms containing S.
gordonii ssnA, compared with S. gordonii DL1 in the absence or presence of sucrose (Figure
5. 8). However, none of the differences were statistically significant (p.>0.05).
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Figure 5. 8 Comparison between the quantification of bacterial cells in early coloniser mixed
species biofilms with S. gordonii DL1 Vs S. gordonii ssnA. Bacterial cells were quantified by
qPCR after 24 h in biofilms cultured without or with 0.1% sucrose. Mean ± SD of three
independent runs of the MRD are shown. Slight (two-fold) increases in A. oris and V. parvula
counts were observed in biofilms containing S. gordonii ssnA but these were not statistically
significant (p>0.05).
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5.4 Inoculation of S. mutans GS5 within Preformed Mixed Species Biofilms with Mutant
S. gordonii ssnA
Early coloniser mixed species biofilms with S. gordonii ssnA were inoculated with S. mutans
GS5. The impact of the ssnA gene knockout on S. mutans colonisation and on the
extracellular matrix was investigated.

5.4.1 Quantification of S. mutans GS5 in mixed species biofilms with S. gordonii ssnA
by qPCR
Initially, cell numbers in biofilms containing S. mutans GS5 in combination with A. oris
MG1, V. parvula PK1910, and S. gordonii ssnA were assessed by qPCR. There appeared to be
a slight increase in S. mutans GS5 counts in the presence of sucrose (Figure 5. 9).
Furthermore, the number of S. mutans GS5 at zero time of inoculation within the biofilm,
with and without sucrose, was 2x109. Following 24 h of inoculation within the biofilm, the
numbers of S. mutans GS5 were 3.45x105 and 1.11x106 in biofilms with and without sucrose,
respectively. The numbers of A. oris MG1, and V. parvula PK1910 were slightly increased in
biofilm with sucrose, but none of these differences were statistically significant (p.>0.05). By
contrast, there was an approximate seven-fold increase in S. gordonii ssnA cell numbers in the
presence of sucrose, and this difference was statistically significant (p.<0.05).*
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Figure 5. 9 Quantification of S. mutans GS5 cells in mixed species biofilms with S.gordonii
ssnA. Numbers of bacterial cells were quantified by qPCR. Bars represent mean ± SD of three
independent experiments. There was a difference in S. mutans GS5 cell counts, as well as in
A. oris and V. parvula, in the presence of sucrose. Statistically, these differences were not
significant. In contrast, S. gordonii ssnA was increased with 0.1% sucrose, and this was
statistically significant (p.<0.05)*.
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5.4.2 Levels of S. mutans GS5 in mixed species biofilms with S. gordonii DL1 or
S. gordonii ssnA with and without 0.1% sucrose
The quantification data of S. mutans GS5 in biofilms containing S. gordonii DL1 or
S. gordonii ssnA were reported in Sections 5.2.1 and 5.4.1, respectively. Therefore, to assess
whether switching the S. gordonii strain affected S. mutans colonisation, these data were
compared. The comparison (Figure 5. 10) demonstrated a slight increase in S. mutans GS5
numbers in biofilms containing S. gordonii ssnA from those in biofilms with S. gordonii DL1.
Although the differences were seen both with and without sucrose, in the with sucrose
condition, higher numbers of S. mutans GS5 were seen. These differences in S. mutans GS5
counts were not statistically significant (p.>0.05).

Log10 Cells/mm2

6

S. mutans GS5-Wild-Biofilm
S. mutans GS5-Mutant-Biofilm

5
4
3
2
1
0

No sucrose

0.1% sucrose

Figure 5. 10 Comparison between the quantification of S. mutans GS5 in mixed species
biofilms with S. gordonii DL1 vs S. gordonii ssnA, with and without 0.1% sucrose. S. mutans
GS5 cells were quantified by qPCR. Mean ± SD of three independent experiments is shown.
S. mutans GS5 numbers were slightly increased in biofilm with S. gordonii ssnA in
comparison with S. gordonii DL1. These differences were not statistically significant
(p.>0.05).
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5.4.3 Detection of S. mutans GS5 in mixed species biofilms containing S. gordonii ssnA
by FISH
FISH labelling was used to detect S. mutans GS5 in mixed species biofilms with A. oris,
V. parvula, and S. gordonii ssnA. CLSM imaging (Figure 5. 11) demonstrated that S. mutans
were detectable in biofilms 24h after inoculation. Biofilm image (Figure 5. 11d, and g)
showed the integration of S. mutans GS5 within biofilms layers.

CLSM images of biofilms sections (Figure 5. 12) demonstrated FISH detection before
inoculation of S. mutans GS5, the absence of S. mutans was confirmed as there was no signal
shown by the S. mutans probe throughout the sections (Figure 5. 12b), and the only
fluorescent signal was detected from the universal probe (Figure 5. 12a). In sectional images
of the biofilms after culturing S. mutans GS5 within the biofilms (Figure 5. 13), in addition to
the labelling of the biofilm with the universal FISH probe (Figure 5. 13a), the S. mutans probe
detected the integration of S. mutans GS5 throughout the biofilm (Figure 5. 13b).

112

After S. mutans GS5

a)

b)

50µm

50µm

c)

d)

50µm

50µm

e)

f)

Overlay of both Probe
Fluorescent Dyes

S.mutans Probe with
CY5 (Red dye)

Universal Bacterial Probe
with AlexaFluor 488
(Green dye)

Before S. mutans GS5

g)

11.50 µm

50µm

50µm

Figure 5. 11 CLSM images for mixed species biofilms containing S. gordonii ssnA before
(left panels), and after (right panels) inoculation of S. mutans GS5. The universal probe (green
fluorescence) detected all the bacterial cells within the mixed species biofilms (a, b). The S.
mutans probe (red fluorescence) detected S. mutans GS5 integration within mixed species
biofilms (d). Images (e, f) show the overlay of both fluorescent dyes of FISH PNA probes. A
vertical slice showing S. mutans (white arrows) within the biofilm is shown (g), taken from
the area indicated by the dashed rectangle in (f). The scale bar is 50µm.
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Figure 5. 12 CLSM sectioning imaging of biofilms labelled by FISH probes. The images
show biofilms before S. mutans GS5 inoculation. Fluorescent green signalling was detected
only from the universal probe in comparison to no red signal with the S. mutans probe (d).
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Figure 5. 13 CLSM sectional imaging of biofilms labelled by FISH probes. The images show
biofilms after S. mutans GS5 inoculation. The S. mutans FISH probe shows red detection,
labelling S. mutans GS5 incorporation within biofilms sections (d).
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5.4.4 SEM of mixed species biofilms with S. gordonii ssnA before and after inoculation
of S. mutans GS5
The structure of mixed species biofilms with S. gordonii ssnA was visualised by SEM before
and after inoculation of S. mutans GS5 within the biofilms (Figure 5. 14). Different bacterial
morphologies were observed, and in addition biofilm matrix substances were apparent. In
biofilms both before or after inoculation of S. mutans GS5, the chains of cocci were more
predominant with sucrose (Figure 5. 14 right panels). SEM images revealed thread-like and
granular structures within all biofilms, although they were slightly clearer in biofilms cultured
with 0.1% sucrose (Figure 5. 14b, and d).
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Figure 5. 14 SEM images of mixed species biofilms before (a, b), and after (c, d) inoculation
of S. mutans GS5. The left panels represent mixed species biofilms with S. gordonii ssnA
without sucrose, while the right panels represent biofilms with 0.1% sucrose. Chains of cocci
(yellow circles) tended to be more predominant in mixed species biofilms grown with sucrose
in comparison with those cultured without sucrose. Biofilm matrix substances were
distributed between bacterial cells either as thread shapes (long striped arrows), or as granules
on the surfaces of the bacterial cells (short notched arrows).
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5.4.5 Visualisation of EPS in mixed species biofilms containing S. gordonii ssnA and
S. mutans GS5 with and without 0.1% sucrose by CLSM
The fluorescent dye CFW was used to label the EPS of biofilm matrix in mixed species
biofilm with S. gordonii ssnA after inoculation of S. mutans GS5, to assess the effects of the
ssnA deletion on the appearance of biofilm matrix EPS. Cells were counterstained with PI.
CLSM images (Figure 5. 15) demonstrated EPS in biofilms cultured without sucrose (Figure
5. 15 left panels), and with sucrose (Figure 5. 15 right panels). There was much more EPS in
biofilms grown with 0.1% sucrose (Figure 5. 15d) than without sucrose (Figure 5. 15c),
although EPS levels were not quantified.
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Figure 5. 15 CLSM images of mixed species biofilm with S. gordonii ssnA, and inoculated S.
mutans GS5, to show EPS of the biofilm matrix. The left panels represent the biofilms
cultured without sucrose, while the right panels represent those grown with 0.1% sucrose.
Images (a) and (b) show bacterial cells stained with PI (red fluorescence). By staining with
CFW, there appeared to be more EPS (c) and (d) (blue fluorescence) in biofilms grown with
sucrose. Panels (e) and (f) show overlays of both dyes. The scale bar is 50µm.
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5.4.6 Fluorescent labelling and CLSM imaging of eDNA in mixed species biofilms with
S.gordonii ssnA and S. mutans GS5 with and without 0.1% sucrose
The eDNA of mixed species biofilm with mutant S. gordonii ssnA after the inoculation of
S. mutans GS5 was labelled by PicoGreen. The bacterial cells in biofilms were labelled with
Nile Red. CLSM images of biofilms (Figure 5. 16) showed eDNA labelling in biofilms grown
in the absence (Figure 5. 16 left panels), or presence of sucrose (Figure 5. 16 right panels). In
red fluorescence labelling of biofilms mass, concentrated areas of dye were recognised with
0.1% sucrose compared to without (Figure 5. 16a, and b), chains of bacterial cells were also
seen (Figure 5. 16b). With green fluorescent labelling, there appeared to be eDNA,
particularly in areas of high cells density, and there was evidence of eDNA in the absence or
presence of sucrose (Figure 5. 16c, and d).
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Figure 5. 16 Fluorescent labelling of the biofilms matrix eDNA. The images show biofilms
without (left panels), and with 0.1% sucrose (right panels). The red fluorescence shows areas
of dye concentration in biofilm mass with sucrose (b) in comparison to without (a), and the
appearance of bacterial chains was also shown. Green fluorescence, indicating eDNA, was
apparent in biofilms grown with or without sucrose (c and d). The scale bar is 50µm.
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5.5 Discussion
S. mutans GS5 was able to integrate within the preformed early coloniser mixed species
biofilms, and the presence of 0.1% sucrose did not lead to significantly different levels of
colonisation compared with biofilms cultured without sucrose. Colonisation of preformed
biofilms by S. mutans GS5 was almost 20-times lower than S. mutans UA159 in the presence
or absence of sucrose. The estimated total number of S. mutans GS5 cells in the MRD after 24
h were 1.66x105 without sucrose and 2.50x105 with 0.1% sucrose. This was lower than the
inoculum, which was 2x109. Therefore, it is not clear whether or not the S. mutans GS5 cells
grew in the MRD. It is possible that GS5 was impaired in either adhesion or growth,
compared with UA159. To test the ability of GS5 to grow in the model, it would be necessary
to follow cell numbers over a longer period than just 24 h. Alternatively, we could test initial
adhesion by looking at a shorter time point (e.g., 2 h).

Laboratory isolated S. mutans GS5 has been shown to have mutations in gbpC and pac genes.
These genes encode production of the glucan-binding protein GbpC and surface adhesion PAc
(cell surface adhesions Antigen I/II). The GbpC protein has been shown to promote dextrandependent aggregation by interacting with the dextrans produced by primary plaquecolonising species (Sato et al., 1997). Moreover, the PAc has been shown to interact primarily
with the glycoprotein salivary agglutinin complex (SAG) of the salivary acquired pellicle on
tooth surface (Heim et al., 2015). Thus, the mutation can affect the adhesion ability of S.
mutans GS5, and in turn may also interfere with the establishment of biofilms (Sato et al.,
2002; Lynch et al., 2007). It is unlikely that the gbpC mutation is important in the absence of
sucrose since glucans will not be produced. Sequencing the genome of S. mutans UA159
revealed an absence of such mutation within UA159 (Ajdić et al., 2002). Further
investigations using targeted genetic mutants are required to understand the molecular basis of
the colonisation of preformed biofilms by S. mutans.
Recent work in our laboratory has identified differences in the sensitivity of S. mutans GS5
biofilms to DNase treatment compared with S. mutans UA159. Specifically, about 80% of
monoculture S. mutans GS5 biofilm was inhibited during the biofilm formation or dispersed
after the biofilm had been established by the DNase treatment, while neither inhibition nor
dispersion of S. mutans UA159 monoculture biofilm were shown to have occurred by the
DNase treatment (Shields, 2014). The S. gordonii ssnA gene is responsible for producing the
SsnA extracellular nuclease (DNase enzyme) that affects eDNA (Perry et al., 2009; Das et al.,
2011), and the S. mutans GS5 may depend on eDNA for its adhesion function, as mentioned
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previously. It has been shown that S. mutans GS5 biofilm was reduced about 40% by S.
gordonii DNase enzyme SsnA, which degrades the eDNA of the biofilm matrix, reducing
biofilm stability, and affecting S. mutans GS5 colonisation (Shields, 2014). Thus, according
to this, we hypothesise that if mutant S. gordonii ssnA where the ssnA gene was knocked out
is replaced with the wild-type S. gordonii DL1 in preformed mixed biofilm, there may be a
possibility that the S. mutans GS5 is able to colonise better in the absence of DNase than
when DNase is present. Also, the colonisation of S. mutans GS5 may be affected by the
eDNA that is likely to be more present in the biofilm matrix as a result of S. gordonii
mutation.

Replacing S. gordonii DL1 in the biofilm with S. gordonii ssnA did not greatly affect the
bacterial numbers in newly established preformed mixed biofilms. There were slight increases
in all species, but these were not statistically significant. Further, the presence or absence of
sucrose also had no effect. Thus, the newly established biofilms were again reproducible and
were used to assess the effect of S. gordonii ssnA on S. mutans GS5. The S. gordonii ssnA
biofilm did not affect the ability of S. mutans to colonise. Although the number of S. mutans
GS5 was slightly increased from their number in biofilms within wild-type S. gordonii,
differences were not statistically significant. Therefore, S. gordonii SsnA DNase is not a
major factor that inhibits colonisation by S. mutans under the conditions employed within this
study. It has been shown that A. oris produces extracellular DNase activity under some
circumstances (Palmer et al., 2012), and it is possible that this functionally complements the
S. gordonii ssnA gene knockout. It would be interesting to test whether S. gordonii SsnA
affects S. mutans GS5 colonisation in a system that lacks other extracellular DNase activities.
This could be achieved by omitting A. oris or by identifying the gene responsible for A. oris
DNase activity and generating a targeted knockout mutation.

It is possible that the eDNA in the biofilm matrix may have been amplified by qPCR, giving
an artificially high cell count for some or all of the species in the biofilm. Using vitality
qPCR, up to two thirds of S. mutans DNA in mature biofilms was found to be accessible to
PMA and potentially either extracellular or in dead cells (Yasunaga et al., 2013). In future
studies it will be of interest to determine what proportion of DNA from each species in the
system is extracellular using a similar vitality qPCR approach. To assess the importance of
eDNA, attempts were made to visualise eDNA in selected biofilms. In preformed biofilms
with mutant S. gordonii ssnA, eDNA was observed in biofilms grown with sucrose as well in
biofilms without. Although eDNA was not quantified, the fluorescent labelling of eDNA
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using PicoGreen demonstrated concentrated areas of eDNA in patches rich in cells and was
clearer in biofilms grown with 0.1% sucrose than without sucrose. PicoGreen was used to
visualisation eDNA in mixed species biofilm of Reinheimera sp. F8, Serratia sp. FW2,
Pseudomonas sp. FW1, and Microbacterium sp. FW3 (Tang et al., 2013). The fluorescent dye
showed the labelling of eDNA as a cloud or as strings surrounding or in between the bacterial
cells of the biofilm without being bound to intracellular DNA. Further investigations are
required to assess how knocking out the ssnA gene affects the appearance of eDNA in the
matrix of biofilms with wild-type S. gordonii DL1 and mutant S. gordonii ssnA.

In preformed mixed species biofilms with S. gordonii ssnA, there were significant differences
in S. gordonii ssnA bacterial cell numbers in biofilm with sucrose from biofilm without
sucrose. Such significant differences were observed with mutant S. gordonii ssnA and not
with wild-type S. gordonii DL1 (see Section 5.2.1). It is possible that S. gordonii glucans
produced from sucrose interact with eDNA and promote biofilm formation, if SsnA is not
present. The interaction between exopolysaccharide and eDNA was demonstrated previously
in the matrix of monoculture biofilms of other bacterial species such as M. xanthus and
P. eruginosa (Hu et al., 2012; Jennings et al., 2015). Further investigation to assess the
presence of such interaction and compare biofilms with wild-type S. gordonii DL1 and mutant
S. gordonii ssnA is required to understand how this can affect S. gordonii growth.
Alternatively, it is possible that the disruption of ssnA may alter the central metabolism and
affect the ability of S. gordonii to grow in the presence/absence of sucrose. In contrast, nonsignificant differences were recorded in the numbers of A. oris MG1 and V. parvula PK1910
in the newly preformed biofilm with S. gordonii ssnA, following inoculation of S. mutans
GS5.

In summary, challenging the preformed mixed species biofilm with another S. mutans strain
(GS5) showed their incorporation within the biofilm, but it was unclear if such incorporation
was due to bacterial cell growth or adhesion. Further experiments are required to look more
closely at adhesion versus growth. The significant difference between the numbers of
different S. mutans strains (UA159-GS5), although inoculated into the same preformed early
coloniser mixed species biofilm model, have shown that there are strain-dependent
differences in the ability of S. mutans to colonise in our model. The colonisation of S. mutans
GS5 was not dependent on an extracellular DNase, ssnA in S. gordonii, even though the
purified protein strongly inhibits S. mutans GS5 biofilm formation in vitro. Therefore, it is
likely that the colonisation of pre-existing biofilms is a complex process that requires multiple
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factors. S. mutans genes such as pac and gbpC may be important and further studies using
genetic approaches will be needed to dissect the molecular pathways of biofilm colonisation
by S. mutans. In addition, it will be important to employ quantitative techniques that
specifically enumerate viable cells, since eDNA was shown to be present in biofilms and
likely will have been amplified by qPCR giving artificially high estimates of cell numbers.
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Chapter 6. Overall Perspective
6.1 General Discussion
A key goal of this thesis was to produce a stable mixed-species model of early dental plaque
biofilm that could be challenged with S. mutans, in order to explore the mechanisms
underpinning S. mutans biofilm colonisation. The model that was developed from three
pioneer coloniser species A. oris MG1, S. gordonii DL1, and V. parvula PK1910 was shown
to be reproducible and stable. The three species were selected because interactions between
them have already been characterised in some detail. For example, there is a synergistic
relationship between S. gordonii and V. parvula which provides a suitable environment for
the survival and growth of the obligate anaerobe V. parvula in an overtly aerobic environment
(Bradshaw et al., 1998). At the same time, S. gordonii amylase expression is increased when
V. parvula is present in close proximity to S. gordonii cells. This is thought to increase the
rate by which S. gordonii ferments carbohydrates to lactic acid, and to benefit V. parvula,
which utilises lactic acid as a key source of energy for growth (Egland et al., 2004; Johnson et
al., 2009; Washio et al., 2014). At the same time, it was likely that there was an antagonising
effect by S. gordonii on A. oris, resulting from S. gordonii production of H 2 O 2 (Jakubovics et
al., 2008), and this was shown by the lower numbers of A. oris in comparison with other
pioneer species in our developed biofilm. In spite of this antagonistic relationship,
coaggregation between S. gordonii and A. oris can be assisted to avoid oxidative damage that
may affect S. gordonii due to self-produced H 2 O 2 (Jakubovics et al., 2008). Overall,
A. oris was maintained in the community at lower levels than the other two species. This is
consistent with similar models, where Actinomyces naeslundii has been shown to be retained
at relatively low levels for up to 67 h within mixed-species biofilms containing S. gordonii
and S. mutans (He et al., 2016).

The addition of 0.1% sucrose did not affect levels of pioneer species cells within the biofilms;
no significant differences were shown in the quantification of each pioneer species, whether
the sucrose was present or absent. In addition, sucrose had little impact on the biofilm matrix
structure. The matrix appeared as threads and granules in both biofilms with and without
sucrose. It is likely that the major matrix substances were not glucans or fructans, but instead
may be other polysaccharides, eDNA, proteins or other macromolecules. Similarly, there were
no significant differences in the numbers of S. mutans UA159 or GS5 in the presence or
absence of sucrose. Although there were more observations in presence of the matrix
substances, whether thread-like or granulates in preformed mixed biofilm following challenge
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with S. mutans UA159, again this was regardless of the addition of 0.1% sucrose. It seems
that glucans and fructans are unlikely to be the major constituents because there was little
difference in the matrix structure with or without sucrose. In the absence of sucrose, S. mutans
can produce another biofilm matrix substance, which is the eDNA, when inducing cell death
by activating their competence-stimulating/ inducing peptides CSP/XIP signalling (Petersen
et al., 2005; Perry et al., 2009; Wenderska et al., 2012). Furthermore, another pathway, such
as membrane vesicles, and protein secretion and membrane insertion pathway, can be
dependent on S. mutans producing the eDNA (Liao et al., 2014). In contrast to mixed-species
biofilms, the matrices of monoculture S. mutans biofilms were clearly affected by 0.1%
sucrose addition. With sucrose, there was a clear observation of granulates matrix substance
in comparison to matrix substances in biofilm without sucrose, which seemed not even to be
present. It was found that, at sucrose concentration of 0.01mM, S. mutans was able to produce
a detectable amount of EPS, and the amount increased with increasing sucrose concentration
(Shumi et al., 2010). In this study, the sucrose concentration used was approximately 2.9 mM,
which is more than what has been considered the minimum concentration for producing
detectable EPS.

The use of a continuous flow system such as MRD to establish biofilm models was aimed at
modelling the oral environment. The reasons for this are: (i) it is an open system with
continual flow of nutrients in and out; (ii) the system contains mixtures of bacteria, and even
though these are much simpler than the natural microbiota, the system is designed to replicate
some of the key interspecies interactions that occur in dental plaque; and (iii) the surfaces
were conditioned with natural human saliva, providing a kind of pellicle for bacterial
attachment (Lendenmann et al., 2000). The MRD has previously been used to test the effects
of different antibacterial agents against biofilm formation (Coenye et al., 2008), rather than
use it to develop mixed species biofilms for further challenging with other bacterial species,
as in this study. The stainless steel biostuds demonstrated their initial suitability to be used as
substrate for establishing biofilms, since there were no detectable differences in qualitative
comparison between these and tooth section biostuds. This may therefore provide an
alternative to hydroxyapatite discs used previously as substrate (Blanc et al., 2014).

Challenging the stable preformed early coloniser mixed species biofilms with S. mutans
UA159 showed their ability to colonise within the biofilms. The colonisation of S. mutans
inside the oral cavity is thought to occur by attachment to a biofilm that has already
accumulated on the tooth surface. Additionally, S. mutans are not included within the oral
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microflora of a newly born foetus, as sampling of newly born oral mucosa less than five
minutes after birth showed bacterial species such as Lactobacillus, Prevotella, Atopobium, or
Sneathia spp., and Staphylococcus spp. (Dominguez-Bello et al., 2010). S. mutans is acquired
from the surrounding environment as the baby’s age increases, and they colonise inside the
oral cavity either before or after the eruption of primary teeth (Caufield et al., 1993; Gizani et
al., 2009; Cephas et al., 2011). In the model used here, it is likely that the bacterial
competition among the different species in the mixed biofilms after S. mutans UA159
challenging, whether synergistic or antagonistic, remained in balance. The production of
H 2 O 2 by S. gordonii can have an inhibitory effect on S. mutans colonisation (Zheng et al.,
2011; Zeng et al., 2012). The opposite response of S. mutans to compete with such an
inhibitory effect is to produce protective bacteriocins (Kreth et al., 2005b; Kreth et al., 2008).
At the same time, the competence system of S. mutans may be activated, producing more
bacteriocins due to the effect of DNA produced by S. gordonii (Kreth et al., 2005b; Kreth et
al., 2008). Another factor that may be considered to affect such bacterial competitive
interaction is the presence of V. parvula in mixed biofilm, in addition to S. gordonii and S.
mutans; better growth of S. mutans has been shown in triplicate species mixed biofilm with S.
gordonii when V. parvula is present, in comparison to their growth in dual mixed species with
only S. gordonii (Liu et al., 2011). Mutualistic growth can occur with S. mutans and V.
parvula in biofilm establishment, which is likely to be due to the presence of a metabolic
relationship between these two species (Kara et al., 2007; Aas et al., 2008).

The preformed early colonisers mixed species biofilms also remained stable after challenging
with S. mutans GS5. Although S. mutans GS5 was identified within the biofilm, levels were
significantly lower than found with S. mutans UA159, indicating that there was variation
between the ability of each strain to colonise the preformed mixed species biofilm.
Additionally, there were no clear changes in the appearances of biofilm matrix substance
before and after S. mutans GS5 inoculation within the preformed early colonisers mixed
species biofilms, in contrast to the previously mentioned changes occurring in biofilm matrix
substances presentation with inoculation of S. mutans UA159. S. mutans GS5 was highly
cariogenic in early animal studies and in particular was able to cause smooth surface lesions
(Sharawy and Socransky, 1967; Kuramitsu, 1973). However, cariogenicity rapidly reduced
following storage and subculture in the laboratory (Sato et al., 2002). Mutations have been
identified in the key colonisation determinants of S. mutans GS5, pac and gbpC, which may
be responsible for their reduced cariogenicity and also for the reduction in colonisation of preexisting biofilms observed here. Genetic variation has been also demonstrated between S.
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mutans strains recently isolated from people with dental caries and S. mutans UA159, and
affect characteristics such as sensitivity to low pH, oxidative stress, and exposure to CSP
(Palmer et al., 2013). Even the ability to develop biofilm in glucose and sucrose was
significantly different in relation to such variation. In addition, it has been shown that the
different adoptive growth strategies can develop due to phenotypic diversity of isolated S.
mutans strains, in order to survive inside the oral cavity, and may initiate dental caries
formation under favourable conditions (Palmer et al., 2013).

The final section of this study was to test our hypothesis that eDNA in biofilm matrix affects
the colonisation ability of S. mutans GS5 within preformed mixed species biofilm, using
mutant S. gordonii ssnA which does not produce an extracellular DNase. In previous
laboratory findings, it had been demonstrated that purified S. gordonii SsnA inhibited the
formation of S. mutans GS5 monoculture biofilms, or dispersed preformed biofilms (Shields,
2014). However, disruption of the ssnA gene in S. gordonii did not appear to affect
colonisation by S. mutans or by V. parvula or A. oris. Although there was a noticeable
presentation of eDNA in the biofilm matrix, as detected by the fluorescent labelling, no
quantitative reduction in S. mutans GS5 was observed. It seemed that the other pioneer
species of mixed biofilm, the A. oris or V. parvula, may affect eDNA, and interfere with the
colonisation of S. mutans GS5. Furthermore, assessment is required to measure the amount of
eDNA in both biofilms with wild-type S. gordonii DL1 and mutant S. gordonii ssnA, to
compare them to see if there is a difference that may influence the colonisation of S. mutans
GS5.

In conclusion, the developed mixed species biofilm models from early colonisers, whether
with wild-type S. gordonii DL1 or mutant S. gordonii ssnA, were reproducible and stable to
challenge with another bacterial species, regardless of the presence or absence of sucrose. A
Modified Robbins Device was found to be a suitable system for developing mono and mixed
culture biofilms, but it has some limitations as it is relatively laborious to set up and is prone
to contamination. Both S. mutans strains (UA159 and GS5) showed their ability to
incorporate within the preformed biofilm, but with significant differences between their
numbers, indicating the presence of variation between different S. mutans strains even though
they were both serotype c. Therefore, this work has established a model for investigating the
colonisation of pre-existing biofilms by S. mutans. The system developed here can be used in
future to identify the key molecular mechanisms that underpin the integration of S. mutans
into biofilms.
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6.2 Suggestions for Future Work
The continuous addition of 0.1% sucrose to mixed species biofilm challenged with S. mutans
did not affect S. mutans colonisation within the biofilms, although the presence of sucrose is
considered to be important for S. mutans growth (Shumi et al., 2010). It is possible that 0.1%
sucrose was insufficient to see an impact on biofilm development. Higher concentrations were
avoided due to problems with occlusion of the tubing in the model (Yassin et al., 2016). One
approach to study higher sucrose concentrations would be to pulse sucrose at intervals,
roughly mimicking the dietary intake of meals or snacks. Similar approaches could then be
employed to investigate the effects of different carbohydrate sources on the colonisation of
pre-existing biofilms by S. mutans.

Using MRD permits the periodic collection of samples at different time points via the
availability of separate biostuds (Coenye and Nelis, 2010). Therefore, in future work, when
challenging the preformed early colonisers mixed species biofilm with S. mutans, the MRD
can be kept running for a longer period than 24 h, alongside periodic assessment, to mix
biofilms and potentially show the difference in colonisation of S. mutans at different stages of
incorporation within the preformed biofilms. For example, sampling within 2 h of S. mutans
inoculation would enable assessment of initial adhesion, whereas longer time courses over
several days would allow the monitoring of growth and the impact of competition between S.
mutans and the early colonisers on the microbial composition of the biofilm. Techniques to
enumerate viable cells such as vitality qPCR will be important when looking at longer time
frames, where there is significant potential for cell death since qPCR alone is not a good
measure for cell death.

Different Mutans and non-mutans bacterial species have been associated with dental caries at
different stages of disease development. S. sobrinus, a Mutans species, was mostly linked to
ECC, in addition to S. mutans (Okada et al., 2012), while Scardovia wiggsiae, a non-mutans
species, was associated with initial white spot carious lesions (Tanner, 2015), as well ECC
carious lesions (Tanner et al., 2011b). In this study, S. mutans showed their ability to
incorporate the preformed early colonisers mixed species biofilms. The preformed biofilm
could also be challenged with other potentially cariogenic bacterial species such as S.
sobrinus or S. wiggsiae to investigate how they incorporate within the biofilm. This may
provide insights into how different cariogenic bacterial species behave within the early
colonisers biofilm model.
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The significant differences demonstrated between different S. mutans strains (UA159 and
GS5) when challenged in the preformed mixed species biofilms are possibly linked to the
mutation in pac and gbpC genes shown in S. mutans GS5 (Shields, 2014), but not in S.
mutans UA159 (Ajdić et al., 2002). Both PAc and GbpC aid bacterial adhesion to a surface,
and may be important for biofilm establishment (Murakami et al., 1997; Sato et al., 2002). At
the same time, although S. mutans GS5 lacks these genes, they were still able at some extent
to colonise within the preformed mixed biofilm. Thus, future work may be suggested here to
investigate two issues:
Firstly, a study may knock out these genes pac and gbpC from S. mutans UA159, to challenge
the preformed mixed species biofilm with wild-type S. mutans UA159 and the mutant S.
mutans UA159; the effect of this on their colonisation ability can thus be assessed.
Secondly, as these genes’ mutation in S. mutans GS5 did not affect their colonisation, the
possibility that other key genes are involved in bacterial colonisation such as gbpA or gbpB
(Lynch et al., 2007; Lynch et al., 2013) requires further research.

In this study, S. mutans GS5 in mixed species biofilm did not seem to be sensitive to DNase,
and it was able to colonise within the biofilm with wild-type S. gordonii DL1. This is in
contrast to previous experiments that showed higher sensitivity of S. mutans GS5
monoculture biofilms to SsnA (Shields, 2014). At the same time, although eDNA of the
biofilm matrix has been demonstrated to be important for S. mutans colonisation (Das et al.,
2010), in this study, despite the clear presentation of eDNA in biofilm matrix of mixed
biofilm with mutant S. gordonii ssnA, the colonisation of S. mutans GS5 was not affected by
S. gordonii ssnA gene disruption. Further future work is required to understand such an
unexpected GS5 colonisation response in mixed species biofilm. One approach would be to
develop an initial biofilm of S. gordonii DL1 and S. gordonii ssnA without the other pioneer
bacterial species A. oris and V. parvula, since these species may themselves modulate the
amount of eDNA in the biofilm matrix. Comparing the colonisation of S. mutans GS5 within
these biofilms, as well as the amount of eDNA, may give an idea of the effect of DNase and
eDNA presentation on S. mutans GS5 colonisation, in addition to determining if the absence
of other pioneer species may have an effect on DNase activity and eDNA within the biofilms.
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Appendix
Appendix A: Conference and meeting attendance, and public engagement
International Association for Dental Research General Session, Boston – Massachusetts,
USA, 11th-14th March 2015 (Poster).
Title: Mechanisms of Biofilm Formation by Streptococcus mutans

Abstracts:
Objectives: Dental plaque is a mixed-species microbial biofilm on tooth surfaces that forms
initially by the colonisation of specialized bacteria, and matures into a highly organised
community. The integration and overgrowth of acidogenic bacteria in dental plaque can lead
to the development of dental caries. Here, we describe the establishment of a robust model
mixed-species biofilm of initial colonizers that can be used to study the integration of later
colonizers such as Streptococcus mutans.

Methods: Quantitative PCR was developed for Streptococcus gordonii DL1, Actinomyces oris
MG1 and Veillonella sp. PK1910 in order to quantify individual species within a mixedspecies model. Biofilms containing the three species were developed on saliva-coated
surfaces under fluid flow in a Modified Robbins Device system.

Results: Individual quantitative PCR assays were developed that were specific for S. gordonii,
A. oris, and Veillonella sp. Biofilms containing all three species were developed in the
Modified Robbins Device and were shown to be reproducible and stable.

Conclusions: A model of mixed-species oral biofilms has been established that will enable the
study of mechanisms responsible for integration by later colonizing bacteria. This model will
now be used to assess the ability of different strains of S. mutans to integrate into preestablished biofilms.
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OMIG Scientific Meeting, Newtown, Wales. 9th-11th March 2016 (Poster).

Title: Mechanisms of biofilm formation by Streptococcus mutans
Abstract:
Objectives: Dental plaque forms on freshly cleaned tooth surfaces, initially with the
attachment of pioneer colonisers such as Streptococci, Actinomyces and Veillonellae.
Subsequent biofilm growth, and the integration of later colonising acidogenic bacteria
such as Streptococcus mutans, can ultimately lead to the development of carious
lesions. Here, we describe the development of a new model system for assessing the
incorporation of Streptococcus mutans into a pre-existing biofilm formed by three
early colonisers.

Methods: The Modified Robbins Device (MRD) was used to develop mixed species
biofilms from the pioneer colonisers S.gordonii DL1, Actinomyces oris MG1, and
Veillonella sp. PK1910 on saliva-coated surfaces. Quantitative PCR was used to
quantify bacterial cells, and biofilms were imaged by scanning electron microscopy
(SEM). These biofilms were challenged with S. mutans in the presence or absence of added
sucrose. In addition to qPCR and SEM, S. mutans was visualised in the
biofilms using fluorescence in situ hybridisation (FISH).

Results: Early biofilms were dominated by Veillonella sp. and S. gordonii, but A. oris
was clearly detectable, by qPCR and SEM. Addition of sucrose had no effect on the
composition or structure of early biofilms. S. mutans became incorporated into
biofilms and was detected by qPCR and FISH. Sucrose did not affect the numbers of
S. mutans colonising, but resulted in changes in the matrix structure.

Conclusions: A model of mixed-species oral biofilms has been established that will
enable further studies on the mechanisms responsible for integration of S. mutans
into pre-existing biofilms. This model will now be further characterised using
fluorescent dyes to visualise polysaccharides and extracellular DNA in the matrices
of biofilms.
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