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Abstract

Therapeutics that can control microbial biofilms while preserving the natural
microbiota represent a promising strategy in managing biofilm-related diseases
such as periodontitis. Extracellular DNA (eDNA) is an important structural
component of many biofilms, including dental plaque. Bacteria within dental
plaque produce deoxyribonuclease (DNase) enzymes that could digest eDNA. This
project aimed to investigate whether a DNase produced by an oral bacterium can
degrade eDNA in oral biofilms, thereby inhibiting the biofilm growth or disrupting
mature biofilms, and compare its activity to a DNase from a non-oral bacterium.
Preliminary investigations were also made into the microbial composition and
immunostimulatory properties of eDNA. NucB, a DNase from a marine isolate of
Bacillus licheniformis, inhibited biofilm growth and dispersed preformed biofilms
of Fusobacterium nucleatum. It also inhibited the growth of model plaque
biofilms, but did not affect preformed biofilms, implying that eDNA is more
important or more accessible during the initial phases of the plaque biofilm
formation. Furthermore, NucB inhibited the growth of anaerobic model plaque
biofilms, but not those cultured in aerobic sucrose-rich conditions indicating that
it may be particularly useful for reducing subgingival plaque, which is essentially
anaerobic. Conversely, SsnA, a DNase from the oral bacterium Streptococcus
gordonii, inhibited the growth of Fusobacterium nucleatum biofilms but did not
disrupt preformed biofilms. SsnA Also lacked any antibiofilm effect with model
plaque biofilms. NucB efficiently degraded various DNA substrates, whereas SsnA
was only effective against single stranded and low molecular weight DNA,
suggesting that eDNA in the plaque biofilm is predominantly double stranded DNA
of high molecular weight. Overall, this work provided key insights into the
activity of a DNase from an oral bacterium and showed that there is a scope to
enhance subgingival biofilm control using exogenous DNases from non-oral

bacteria.
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Chapter 1: Introduction

1.1 Background

Microorganisms naturally prefer to attach to surfaces and form polymicrobial
biofilms rather than to live as dispersed single cells. The accumulation of such
mixed-species biofilms (plaque) on surfaces of teeth contributes to the
development of many oral diseases such as dental caries and periodontitis (Mira
et al., 2017, Sanz et al., 2017). Oral diseases affect about 3.5 billion people
around the world of which 796 million have severe periodontitis (Bernabe et al.,
2020).

Periodontitis is a chronic inflammatory condition that is caused by unfavourable
interaction between subgingival biofilm and host inflammatory immune response
and could eventually result in tissues destruction and teeth loss (Thurnheer et
al., 2018, Kononen et al., 2019). It also appears that patients with severe
periodontitis have high risk of developing systemic diseases such as diabetes,
atherosclerosis and rheumatoid arthritis (Liljestrand et al., 2018, Bui et al.,
2019). Periodontitis is primarily treated by mechanical removal of supra- and
subgingival bacterial biofilms from exposed tooth surfaces. While periodontal
treatment can reduce the risk of tooth loss and improve the quality of life,
successful treatment requires patients to keep regular teeth cleaning regimen
and recurrent professional maintenance care as well as control lifestyle risk
factors such as smoking (Tonetti et al., 2015, Graziani et al., 2017). Additionally,
non-surgical periodontal therapy does not achieve the treatment goals in some
patients, necessitating periodontal surgery, which could be associated with post-
operative pain and swelling (Mei et al., 2016, Deas et al., 2016). The
administration of systemic antibiotics are also required in the treatment of
severe cases increasing the risk of antibiotic resistance (Pretzl et al., 2019). As

periodontal disease is mostly driven by the exposure of the periodontal tissues



to bacteria living within microbial biofilms, prevention and treatment are based

mainly on removing and preventing the formation of the biofilm.

Biofilm bacteria are surrounded and held by an extracellular matrix which
consists of polysaccharides, lipids, proteins, and extracellular DNA (eDNA)
(Flemming and Wingender, 2010, Dragos and Kovacs, 2017). Biofilms are more
resistant to treatment by antibiotics (Ceri et al., 1999, Stewart and Costerton,
2001, Hall and Mah, 2017, Yan and Bassler, 2019) and defences of the host
immune system (Campoccia et al., 2019) when compared to planktonic bacteria.
Many mechanisms were found to be contributing to this biofilm resistance,
including components of the biofilm matrix such as polysaccharides and eDNA
(Wilton et al., 2016, Hall and Mah, 2017). It has also been shown that the transfer
of exogenously added oral health substances such as fluoride and triclosan is
hindered by the dental biofilm matrix (Robinson, 2011). Recently, research has
focused on the disruption of the biofilm matrix as this can reverse the bacteria

to the planktonic state which is weaker and therefore easier to treat or control.

For years, exopolysaccharides were regarded as the main and the most critical
constituent of biofilm matrix. However, it has subsequently become clear that
extracellular DNA is another important component that has an active role in the
development and stability of many biofilms (Okshevsky et al., 2015, Jakubovics
and Burgess, 2015, Okshevsky and Meyer, 2015, Ibanez de Aldecoa et al., 2017).
There is also evidence that extracellular DNA plays a vital role in the
development of the dental plaque biofilm (Rostami et al., 2017, Schlafer et al.,
2017). According to these observations, targeting eDNA with DNases can be a
potentially promising approach for controlling dental plaque. Several oral
bacteria produce DNase enzymes but whether these can degrade eDNA in the
biofilm matrix thereby affecting biofilm development or stability is unclear.
Understanding the functions of eDNA and activity of bacterial DNases in dental
plaque is critical for the development of novel strategies to combat dental plaque

based on targeting eDNA.



1.2 Dental plaque as a microbial biofilm

Oral bacteria must attach to surfaces in order to be protected from being
removed by shear forces and lost by swallowing. Several mechanisms are
implicated in the formation of the plaque biofilm among which, the adherence
of bacteria to one another in suspension (co-aggregation) (Cisar et al., 1979) and
the adherence of unattached bacteria to bacteria already attached to the tooth
surface (co-adhesion) (Kolenbrander et al., 2000). These are critical processes
for dental plaque formation as they allow the attachment of late colonizers to a
preformed biofilm of predecessor bacteria (Kolenbrander et al., 2010). Epithelial
cells sloughed from the oral mucosa might also aid in the transfer and adherence
of bacterial cells onto teeth surfaces in the initial stage of dental plaque

formation (Tinanoff and Gross, 1976, Brecx et al., 1981).

1.2.1 Stages of dental plaque formation
As soon as a tooth is cleaned and within seconds of its exposure to the oral
environment, certain molecules are adsorbed to the tooth surface forming a
conditioning film known as the acquired enamel pellicle (AEP). The enamel
pellicle contains saliva- as well as bacteria-derived components, however, the
major components of the AEP are salivary proteins and glycoproteins (Siqueira et
al., 2012). Glucans, which have an important role in bacterial attachment, can
also be seen in the pellicle. Furthermore, the pellicle includes several enzymes
such as amylase, lysozyme, fructosyltransferases and glucosyltransferases
(Hannig et al., 2005). Salivary proteins and glycoproteins present within the
pellicle provide specific receptors for bacteria to attach, and consequently, the
composition of the pellicle can determine the early microbial colonizers. For
instance, S. gordonii binds to a-amylase in the acquired pellicle (Rogers et al.,
2001) and Actinomyces spp. use their type 1 fimbriae to adhere to proline-rich
proteins and to statherin (Li et al., 2001). Salivary proline-rich proteins are also

known to interact with streptococci (Ruhl et al., 2004).

Only a few oral species are motile, therefore, bacteria are usually carried
passively to the tooth surface by the salivary flow (Marsh et al., 2011). As

microorganisms approach the pellicle coated surface, weak physicochemical



interactions are generated between the charge of the proteins present in pellicle
and that of bacterial cell surface (Busscher and Van Der Mei, 1997, Bos et al.,
1999, Busscher et al., 2008) resulting in a reversible attachment phase. At this
stage, epithelial cells could also be attracted to the tooth surface carrying
bacteria. Due to the preferential adsorption of certain bacterial species to
epithelial cells (Hoffman and Frank, 1966), species with higher affinity are likely
to be more prevalent in this reversible adhesion model. However, only bacteria
that that can participate in specific interactions with receptors in the pellicle

will achieve permanent attachment to the tooth surface.

Bacterial attachment becomes more permanent if bacterial cells can come closer
to the pellicle surface as strong interactions occur between molecules on the
bacterial cell surface (adhesins) and complementary molecules (receptors) in the
acquired pellicle (Whittaker et al., 1996, Jenkinson and Lamont, 1997, Hojo et
al., 2009). These interactions are highly specific, and therefore, certain species
are frequently associated with a particular surface or site. Oral streptococci are
considered the main early microbial colonisers and can be observed on the tooth
surface within minutes. This is mainly because they express various cell surface
adhesins that can recognize receptors in the acquired enamel pellicle (Wright et
al., 2013). Moreover, within two to four hours, streptococci have been found to
make up about 60-80% of the dental plaque bacteria (Nyvad and Kilian, 1987,
Nyvad and Kilian, 1990, Diaz et al., 2006, Dige et al., 2009). Actinomyces species
(Palmer et al., 2003) as well as Haemophilus, Veillonella and Neisseria (Nyvad
and Kilian, 1990) are also among the pioneer organisms and they are frequently
isolated after two hours. At this stage, no or low numbers of obligate anaerobes

are usually observed.

Due to the growth and metabolism of the early colonizers, the local environment
is altered, and conditions become suitable for colonization by fastidious species.
Streptococci and other initial colonizers present unique receptor sites for the
attachment of later colonizers such as Fusobacterium nucleatum (He et al.,
2012), Tannerella forsythia, Treponema denticola and Porphyromonas gingivalis
(Kuboniwa and Lamont, 2010, Periasamy and Kolenbrander, 2010), which are
more pathogenic and linked to the development of periodontitis (Socransky et
al., 1998, Van Winkelhoff et al., 2002, Byrne et al., 2009, Haffajee and



Socransky, 1994). Secondary and late colonizers adhere to already attached
bacteria through an interaction between adhesins and receptors on the bacterial
cell surface (co-adhesion) (Kolenbrander, 2000). A well-known bacterial
interaction between early and late colonizers occurs between S. gordonii and P.
gingivalis and can aid the attachment of P. gingivalis to pre-formed biofilms of
S. gordonii (Lamont et al., 2002, Park et al., 2005, Wright et al., 2013).
Coaggregation among oral bacteria has been studied in vitro, and Fusobacterium
nucleatum was found to coaggregate with nearly all oral bacterial species
(Kolenbrander et al., 2006). Some late colonizers such as Prevotella or
Eubacterium species cannot coaggregate with early colonizers. However, F.
nucleatum coaggregates with these late colonizers as well as early colonizers.
Therefore, F. nucleatum seems to act as a bridge between early and late
colonizers (Bradshaw et al., 1998, Kolenbrander et al., 2010). The absence of F.
nucleatum in a supragingival biofilm model was found to result in a significant
decrease in total bacterial numbers in the biofilm (Thurnheer and Belibasakis,
2018).

If left undisturbed, the microbial diversity of the dental biofilm gradually
increases leading to the development of multispecies community (microbial
succession)(Kolenbrander et al., 2006) and maturation. A sample of mature
dental plaque might consist of 100 or more different bacterial species
(Jakubovics and Kolenbrander, 2010). The maturation of a biofilm is associated
with a slow growth rate of the individual bacteria and the formation of an

extracellular matrix of polymers by these bacteria (Marsh et al., 2016)

1.2.2 Bacterial interactions in dental plaque biofilm

Bacteria exist in close physical proximity in biofilms, consequently, several
synergistic and antagonistic interspecies interactions can take place (Miller et
al., 2019). One example of synergism between oral bacteria is the ability of some
obligate anaerobes to survive aerobic conditions when they coaggregate with
oxygen consuming or tolerating bacteria(Bradshaw et al., 1997, Diaz et al., 2002,
Marsh and Zaura, 2017). Furthermore, some organisms can catabolize complex
host proteins and glycoproteins if they partner with different species(Bradshaw
et al., 1994, Wickstrom et al., 2009, Takahashi, 2015, Zhou et al., 2016), while



others are able to use the metabolic product of a second organism as a source of
nutrition (Hojo et al., 2009, Tan et al., 2014). An example of metabolic
cooperation happens between P. gingivalis and T. denticola, both of which have
been associated with severity and progression of periodontitis. Glycine and
isobutyric acid generated by P. gingivalis promote the growth of T. denticola
which in turn produces succinic acid which is essential for the growth P. gingivalis
(Grenier, 1992, Tan et al., 2014, Kin et al., 2020). Oral bacteria also engage in
antagonistic interactions most commonly between commensal streptococci and
oral pathogens. For instance, some oral streptococci secrete bacteriocins,
peptides that have bactericidal effects on some other oral strains (Rogers et al.,
1979, van der Ploeg, 2005, Hossain and Biswas, 2011, Merritt and Qi, 2012, Zhu
et al., 2018). The production of bacteriocins can be beneficial to the producing
organisms as it is associated with the development of competence, a condition
where bacteria can take up eDNA and use it as an energy source or to obtain new
genetic information (van der Ploeg, 2005, Kreth et al., 2006, Kreth et al., 2008b,
Perry et al., 2009b). Oral streptococci also produce hydrogen peroxide (H202)
which can cause bacterial cell stress or death due its ability to cross cell
membranes and oxidize intracellular macromolecules including lipids, DNA and
proteins (Keke et al., 2017). Streptococcal H,0, can kill other oral bacteria or
inhibit their growth, whereas the producing bacteria are usually resistant to its
inhibitory effects (Holmberg and Hallander, 1973, Jakubovics et al., 2008,
Herrero et al., 2016, Redanz et al., 2018). However, the release of H,0, might
also enable non-producing species to benefit. For instance, Streptococcus
gordonii-derived hydrogen peroxide could assist Porphyromonas gingivalis in

heme acquisition (Brown et al., 2018).

1.2.3 Dental plaque from periodontal health to disease

Periodontitis has long been attributed to specific organisms mainly the 'red
complex’ bacteria which are Porphyromonas gingivalis, Treponema denticola
and Tannerella forsythia (Socransky et al., 1998). However, subsequent

metagenomic and mechanistic studies indicated that periodontitis is instigated



by polymicrobial synergy and dysbiosis rather than by specific periodontal

pathogens (Hajishengallis and Lamont, 2012).

When the dental biofilm is formed, a degree of stability or balance is usually
present among the constituent species (Marsh, 1989). This stability, known as
microbial homeostasis, is attributed to the dynamic balance created by the
various synergistic and antagonistic bacterial interactions taking place within the
biofilm. However, changes in local environmental conditions could result in
disrupting the microbial homeostasis and re-organization of the biofilm structure
and composition (Valm, 2019). Under the new conditions, the species that
previously were only making a minority could become more competitive and
consequently more dominant (Marsh, 2003). Therefore,the transition from
periodontal health to disease is usually associated with a shift in the composition
and the activity of the subgingival biofilm community as well as changes in the
host-microbe interaction which can cause destructive inflammation and bone loss
(Lamont et al., 2018, Curtis et al., 2020).

While the microbial community as a whole is involved in challenging the host
periodontal tissues, keystone pathogens, microbial species that have relatively
large effects on their environment relative to their abundance, are thought to
orchestrate dysbiosis by disrupting the host-microbe homeostasis. Keystone
pathogens such as P. gingivalis are, even in small numbers, able to interact with
other species and elevate the virulence of the entire community (Hajishengallis
et al., 2011, Hajishengallis et al., 2012). As the dysbiotic community grows, it
stimulates inflammatory responses that may be poorly controlled, particularly in
susceptible hosts, leading eventually to periodontal tissue destruction. The
periodontal community is eventually remodeled into an inflammophilic
microbiota which not only tolerates the inflammatory environment, but also
utilizes nutrients derived from inflammatory tissue breakdown (Hajishengallis,
2014).

1.3 The biofilm matrix

A significant part of any bacterial biofilm is composed of material other than

bacterial cells. In some biofilms, microorganisms might constitute less than 10%



of the dry weight of biofilm, whereas more than 90% is made up by an
extracellular matrix (Flemming and Wingender, 2010). The structural integrity of
the biofilm and their tolerance to environmental stresses and antimicrobial
agents is significantly dependent on the biofilm matrix (Flemming et al., 2016,
Dragos and Kovacs, 2017, Costa et al., 2020). The matrix preserves water,
nutrients and enzymes within the biofilm and limits the penetration of other
particles particularly charged antimicrobials (Tatevossian, 1985, Hata and
Mayanagi, 2003, Flemming and Wingender, 2010, Flemming et al., 2016).This
extracellular matrix is developed due to the release of large molecules by the
biofilm bacteria either via cell lysis or by active secretion. Polysaccharides,
lipids, proteins and eDNA are the main structural molecules of the biofilm matrix
(Flemming and Wingender, 2010). The matrix formation is dependent on the
availability of nutrients, the synthesis and secretion of extracellular substances,
shear and other stresses. The oral biofilm matrix is thought to provide binding
sites for oral organisms and prevent normal oral hygiene procedures from
removing the biofilm (Bowen et al., 2018). At present, our knowledge of biofilm
matrix components is based mostly on studying single- species biofilm models.
However, it is still not clear if bacteria produce these extracellular materials in
the same way when they live in natural multispecies biofilm communities such

as dental plaque.

1.3.1 Supragingival biofilm matrix

Exopolysaccharides particularly insoluble glucans produced by S. mutans
represent the major matrix component in supragingival cariogenic biofilms
(Yamashita et al., 1993, Mattos-Graner et al., 2000, Bowen and Koo, 2011, Koo
et al., 2013, Klein et al., 2015). Other oral bacteria including S. gordonii, S.
sanguinis and Actinomyces spp. use dietary sucrose and starch to synthesize
soluble extracellular glucans and fructans (Bowen et al., 2018). Glucans are
produced by glucosyltransferase (GTF) enzymes, which are released by bacteria
and incorporated into the pellicle. Most oral species including Actinomyces spp.,
Lactobacillus casei, and Candida albicans cannot synthesize glucans until they
bind to GTFs of S. mutans which enable them to contribute to the biofilm matrix

of multispecies biofilms (Koo et al., 2013, Cugini et al., 2019). Oral bacteria



release GTFs extracellularly where they bind to teeth surfaces and produce
glucans in situ. These glucans can act as specific bacterial binding sites (Schilling
and Bowen, 1992). Therefore, glucans formed on surfaces facilitate the
accumulation of microbial cells on teeth, while enhancing cell to cell adhesion

and interspecies interactions (Bowen et al., 2018).

The production of exopolysaccharides in situ promotes the local colonization and
clustering of microorganisms, and as the biofilm develops, the microbes are
enmeshed and surrounded by these polymers. This leads to the formation of an
insoluble matrix that assists the assembly of cohesive but spatially heterogeneous
3-dimensional multicellular scaffold (Koo et al., 2013, Klein et al., 2015, Castillo
Pedraza et al., 2017). There is evidence that the insoluble polysaccharide-rich
matrix could restrict diffusion into and out of the dental biofilm, which might
promote acid accumulation and restrict access by saliva around the teeth
inhibiting its neutralizing effect (Hata and Mayanagi, 2003, Bowen and Koo, 2011,
Koo et al., 2013). Although enamel dissolution and dental caries result primarily
from acid production, it is clear that the biofilm matrix provides a sheltering
effect which is likely to increase the demineralization capacity of acids when
saliva is present. The exact mechanisms involved in restricting diffusion are not
yet clear, however, the uneven distribution of polysaccharides within plaque
biofilms, and their higher density at the tooth interface (Reese and Guggenheim,
2007) may influence diffusion properties and mass transport throughout the
biofilm (Thurnheer et al., 2003, Robinson et al., 2006).

Proteins including amyloid forming proteins, host proteins and glycoproteins are
also present in the cariogenic biofilm matrix. Amyloids were detected in
supragingival dental plaque and were found to be produced by the cariogenic
species S. mutans (Oli et al., 2012, Besingi et al., 2017, Chen et al., 2019a).
Further, known inhibitors of amyloid fibrillization decreased S. mutans biofilm
formation indicating that these amyloids contribute to the structure of the matrix
(Oli et al., 2012, Chen et al., 2019a). Exposure to sucrose has been shown to
increase the protein content of dental plaque fluid by 50% (Gao et al., 2001) and
cause changes in the protein composition of the extracellular matrix of plaque-
like biofilms (Paes Leme et al., 2008). However, the roles of these changes in

cariogenic dental plaque are not yet well understood.



The extracellular matrix of cariogenic biofilms also appears to be rich in
lipoteichoic acids (LTA) (Rella et al., 1980, Klein et al., 2015). S. mutans
produces high amounts of extracellular LTA that could enhance glucan synthesis
and improve the microbial adhesion to surfaces (Ciardi et al., 1977, Rolla et al.,
1980) thereby participating in the building of the cariogenic biofilms. Recently,
LTA were shown to be particularly abundant in the late stages of cariogenic
biofilm formation (Castillo Pedraza et al., 2017). Furthermore, compounds that
target the metabolism of LTA in S. mutans inhibited the formation of S. mutans
biofilms. However, this effect was more prominent when glucan synthesis
inhibitors were added emphasizing that both LTA and glucans cooperate to build
the biofilm matrix (Castillo Pedraza et al., 2020a).

The presence of eDNA in cariogenic biofilms has been mainly studied using
biofilms of S. mutans (Perry et al., 2009a, Das et al., 2010, Das et al., 2011, Liao
et al., 2014, Nagasawa et al., 2020b). These studies demonstrated that eDNA
enhances S. mutans adhesion and surface aggregation which are important steps
in biofilm formation (Das et al., 2010, Das et al., 2011). However, Liao et al.
(2014) found that the ability of eDNA to enhance adhesion is mediated by glucans
since this effect for eDNA was not seen in the absence of glucans. It is worth
noting that Liao et al. (2014) used S. mutans UA159, while strain LT11 was used
in the two aforementioned studies emphasizing that different strains could use
eDNA differently. DNase treatment reduced the biomass of S. mutans biofilms
suggesting that eDNA participates in the establishment of the biofilm matrix
(Petersen et al., 2005, Perry et al., 20093, Liao et al., 2014). Yet, a recent study
reported conflicting results as the presence of DNase | during S. mutans biofilm
formation did not reduce the biofilm biomass (Chen et al., 2019a). In this study,
eDNA in S. mutans biofilms was demonstrated to form a complex with amyloid
fibres. Combining amyloid fibres inhibitors with DNase | reduced both the amount
of amyloid fibres and biofilm biomass (Chen et al., 2019a). The interaction of
eDNA with amyloid fibrils in S.mutans biofilms was also detected in a previous
study (Liao et al., 2014). eDNA in S. mutans biofilms also appeared to be
interacting with glucans as the DNase sensitive nanofibers observed in the matrix
of S. mutans biofilms were also sensitive to dextranase. This was confirmed by

the appearance of integrating glucans and eDNA in SEM images of S. mutans
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biofilms grown in the presence of sucrose (Liao et al., 2014). Castillo Pedraza et
al. (2017) found that eDNA content in single and mixed species cariogenic
biofilms was negatively corelated with the biofilm biomass. This observation
might imply that eDNA is not a major component of mature cariogenic biofilms
and that it only plays a role during the early phases of biofilm formation.
Recently, the density and the spatial distribution of the cells and extracellular
matrix of a mixed species biofilm containing S. mutans was substantially reduced
by including DNase | and proteinase K during the biofilm growth, however, the
biofilm was grown in anaerobic conditions and therefore might not fully
represent supragingival biofilms (Karygianni et al., 2020). Almost all the studies
investigating the matrix composition of supragingival biofilms use cariogenic
biofilm models. One recent study has investigated whether eDNA is a structural
component of non-cariogenic supragingival biofilms by treating biofilms grown in
situ, without exposure to dietary carbohydrates, by DNase I. The amount of the
biofilm was strongly diminished in the very early phases of biofilm growth, but
the antibiofilm effect of DNase | decreased as the biofilm aged beyond 7.5 hours
(Schlafer et al., 2017).

1.3.2 Subgingival biofilm matrix

The literature investigating the matrix composition of subgingival biofilms is
scarce. Glucans and fructans are not likely to be major components of the
subgingival matrix as gingival crevicular fluid, an exudate derived from serum, is
the main source of nutrition for bacteria growing below the gum line, and there
is very low concentration of simple sugars available for these bacteria
(Jakubovics and Kolenbrander, 2010). Thurnheer et al. (2016) followed changes
in the structure of an in vitro mixed species biofilm as the culturing conditions
were shifted from supragingival (aerobic) to subgingival (anaerobic). The authors
found that exopolysaccharides were gradually reduced as the biofilm was
converted from aerobic to microaerophilic stage and were undetectable by the
end of the anaerobic phase. However, it is known that Aggregatibacter
actinomycetemcomitans, one of the species that make up the framework of
subgingival biofilm, produces poly-N-acetylglucosamine (PNAG) which is a well-

studied matrix exopolysaccharide. PNAG is synthesized independently of dietary
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sugars and was found to support biofilm cohesion and facilitate intercellular
adhesion (lzano et al., 2008b). Nonetheless, type IV pili (known as Flp-pili) are
likely to be the key structural matrix component in A. actinomycetemcomitans
biofilms, since PNAG mutants were still able to form tenacious biofilms, while
Flp-pili mutants were deficient in making biofilms. Biofilms produced by PNAG or
Flp-pili mutants, unlike wild type biofilms, were sensitive to detachment by
DNase | enzyme suggesting that eDNA also contributes to the cohesion of A.
actinomycetemcomitans biofilms (Izano et al., 2008b). Other exopolysaccharide-
producing subgingival bacteria are Prevotella nigrescens and Prevotella
intermedia (Yamanaka et al., 2011), but the contribution of their

polysaccharides to biofilm development and stability is undefined.

Ali Mohammed et al. (2013) measured the concentrations of carbohydrate,
proteins and eDNA in the matrix of mono- and dual species biofilms of P.
gingivalis and F. nucleatum, two important species in subgingival biofilm. The
authors found that proteins and carbohydrates are the major constituents of the
matrix, whereas eDNA constituted much lower amount and was of low molecular
weight. Additionally, DNase | added during or after the formation of the biofilms
did not result in any noticeable effect on the growth or removal of biofilms.
Although the biofilms were rich in proteins as evidenced by microscopy,
treatment with Proteinase K was also not sufficient to disperse the biofilms
suggesting that the matrix was stabilized by the carbohydrates (Ali Mohammed
et al., 2013).

DNA-binding proteins, which are known to stabilise the structure of eDNA, have
been detected in monospecies biofilms of P. gingivalis and several oral
streptococci implying that this type of matrix proteins could exist in supra as well
as subgingival biofilms. The biofilm development and stability in these species
appear to be highly dependent on the presence of DNA binding proteins in the
matrix as antibodies derived against those proteins disrupted the biofilm

formation and integrity (Rocco et al., 2017, Rocco et al., 2018).
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1.4 Extracellular DNA as a component of plaque biofilms

The structure of supragingival and subgingival dental plaque has been examined
in a series of studies using transmission electron microscopy (TEM) and scanning
electron microscopy (SEM). The use of TEM revealed for the first time the
presence of an extracellular material between microbial cells (Frank, 1970). SEM
images further confirmed that cells are covered in an amorphous layer of
extracellular matrix, though these images had limited resolution (Eastcott and
Stallard, 1973). Samples must undergo dehydration in order to be examined by
SEM and TEM, which affects the structural integrity of the extracellular matrix.
Confocal laser scanning microscopy, which does not involve any dehydration,
shows dental biofilm as more open and heterogeneous structure of cells
surrounded by a matrix that is permeated by channels and voids (Wood et al.,
2000). These channels and voids seem to be filled by a fluid which could contain

a small quantity of unknown extracellular polymer.

1.4.1 Extracellular DNA is present in oral biofilms.

Holliday et al. (2015) employed field emission SEM to examine ex vivo specimens
of subgingival dental plaque and observed an extensive web of extracellular
strands which were proposed to be eDNA. However, the authors were unable to
to label eDNA using antibodies to confirm that eDNA is a constitute of the biofilm
matrix. More recently, eDNA was clearly visualized in ex vivo specimens of
subgingival dental plaque on extracted teeth and dental implants (Rostami et
al., 2017). In addition, membrane vesicles which are often rich in DNA (Sahu et
al., 2012, Pérez-Cruz et al., 2015) were found to be abundant in dental plaque
according to electron microscopy images (Frank, 1970). DNA containing outer
membrane vesicles were also detected in P. gingivalis (Ho et al., 2015) and S.
mutans (Liao et al., 2014). The presence of eDNA in dental plaque was also
evident when PCR technique was performed with the application of propidium
monoazide and bright light which cross-links the DNA present outside the cells or
in dead cells and inhibits its amplification (Yasunaga et al., 2013). The authors
found that this technique inhibited the amplification of two thirds of S. mutans

DNA indicating that this DNA was not present inside viable cells. Furthermore,
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oral bacteria such as Streptococcus spp. and P. gingivalis seem to be exposed to
free DNA in their natural environment as systems for the incorporation and
uptake of DNA exist in these bacteria (Tribble et al., 2012). The genomic analysis
of several oral bacteria provides an indirect indication that eDNA is present in
oral biofilms as it shows extensive evidence of recombination which is likely to

be due to the uptake and incorporation of eDNA (Do et al., 2011).

1.4.2 Origins of extracellular DNA in oral biofilms

The accumulation of eDNA in the biofilm matrix might occur through several
mechanisms among which death and lysis of microbial cell within the biofilm
seem to be the most obvious. Cell lysis could be a passive process that results
from aging or external factors such as antimicrobial agents, but some oral
bacteria are also able to actively kill adjacent cells of similar or different species
via the production of hydrogen peroxide and lactic acid (Jakubovics and Burgess,
2015, Alakomi et al., 2000, Keke et al., 2017). Early dental plaque colonizers
such as S. gordonii and S. sanguinis have been found to release DNA when

produce hydrogen peroxide (Kreth et al., 20093, Itzek et al., 2011a).

Autolysis has been also recognized as a potential mechanism of releasing eDNA
and modulating biofilm development. Autolysis, in some cases, is mediated by a
process known as fratricide where a proportion of cell population is stimulated
and release a factor that initiate lysis in their siblings. Enterococcus faecalis,
bacteria commonly associated with endodontic infections, experience fratricide
at high cell density due to a quorum-sensing signal (Thomas et al., 2009).
Enterococcal fratricide is mediated by GelE, an extracellular protease that can
trigger the activation of the primary autolysin AtlA. Only a proportion of the E.
faecalis population produce GelE and cells that produce it are immune to its cell
death effect by secreting the protease SprE. However, the rest of the population
is not a GelE or SprE producer, and therefore, susceptible to cell lysis which
results in the release of eDNA and the formation of the biofilm. However, the
biofilm formation in E. faecalis might not be completely dependent on autolysis
and eDNA release as robust biofilms were formed even when autolysis and DNA
release decreased following the disruption of a gene expression modulator, the

alternate sigma factor (lyer and Hancock, 2012).
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In response to environmental stress, some oral bacteria secrete peptides that
can cause death of target cells. Competence-stimulating peptide (CSP)-induced
death has been found to cause the release of chromosomal DNA into the
extracellular matrix of S. mutans biofilms (Perry et al., 2009a, Nagasawa et al.,
2020b). Furthermore, there is evidence that the major autolysin AtIS and a
murein hydrolase, LytF, play a role in cell lysis and DNA release from a
subpopulation of S. gordonii (Liu and Burne, 2011). Nonetheless, LytF and AtIS
were still important for DNA release in S. gordonii when there was no evident
cell lysis (Xu and Kreth, 2013a). It has also been shown that eDNA in E. faecalis
and S. mutans biofilms was released substantially in the early stages of biofilm
formation before cell lysis becomes significant (Barnes et al., 2012, Liao et al.,
2014). Therefore, whether cell lysis is essential for eDNA release from such oral

bacterial species is still unclear.

In addition to cell lysis, bacteria may also have the ability to actively release DNA
via membrane vesicles (Dorward and Garon, 1990a, Schooling et al., 2009). The
presence of membrane vesicles that contain eDNA has recently been reported in
S. mutans (Liao et al., 2014) and P. gingivalis (Ho et al., 2015). Furthermore, the
release of DNA into the biofilm matrix through type IV secretion system has been
described in Neisseria gonorrhoeae (Hamilton et al., 2005). Similar systems could
be present in oral bacteria as DNA release is reduced following the disruption of

genes encoding the secretion system of sortase A in S. mutans (Liao et al., 2014).

eDNA of microbial biofilms could also be derived from DNA of host cells. eDNA
isolated from patients with cystic fibrosis has been found to be nearly all of
human origin(Lethem et al., 1990). Similarly, DNA released because of epithelial
cell lysis could contribute to eDNA of oral biofilms considering that epithelial
cells are located nearby bacteria on oral soft tissues (Jakubovics and Burgess,
2015). Epithelial cells were detected in the early supragingival dental plaque,
but not in mature plaque (Tinanoff and Gross, 1976). Neutrophil extracellular
traps which comprise DNA and associated histones released by neutrophils, have
been detected on periodontal pockets epithelium and in gingival crevicular fluid
(Vitkov et al., 2009, Vitkov et al., 2010). Currently, it is not clear what proportion
of eDNA originates from bacteria and how much eDNA is host derived. It is also

undefined if certain oral species contribute more than others to eDNA present in
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the dental biofilm and whether this has implications for the pathogenesis of

periodontal disease.

1.4.3 Potential roles for eDNA in oral biofilms
Whitchurch et al. (2002) were the first to discover the adhesive role of eDNA as
Pseudomonas aeruginosa biofilms were dissolved and cells were almost
completely dispersed following treatment with DNase I. Several subsequent
studies have studied eDNA in various mono-species and sometimes mixed-species
biofilms, but only a few of these have focused on oral bacteria. However, there
is growing evidence that eDNA is important for adhesion and structure of oral
biofilms. In A. actinomycetemcomitans, the adhesion of a leukotoxin to cell
surfaces was found to be mediated by eDNA which appears to interact with
membrane vesicles (Ohta et al., 1991). Recently, leukotoxin A has been found
important for biofilm formation and colonisation of A. actinomycetemcomitans
(Velusamy et al., 2019). DNase | significantly reduced the adhesion of E. faecalis
to dentin blocks and to 96-well plates indicating that eDNA promotes this
adhesion (Li et al., 2012, Schlafer et al., 2018b). However, its effect on adhesion
to dentin walls of extracted teeth was not significant (Schlafer et al., 2018b).
The initial adhesion and surface aggregation of S. mutans cells were also
decreased in the absence of eDNA (Das et al., 2010). Liao et al. (2014) found that
DNA enhanced the adherence of S. mutans to saliva-coated hydroxyapatite
substrate, but only when glucans were present. Nevertheless, different results
were reported by a previous study where the presence of DNA alone increased

the adhesion strength of S. mutans (Das et al., 2011).

A study by Shields et al. (2013) investigated the function of eDNA in chronic
rhinosinusitis associated biofilms, which include biofilms formed by several oral
streptococci. The results of this study emphasized the importance of eDNA as a
structural support for oral biofilms as one-hour incubation with NucB enzyme
reduced all biofilms except for one strain of S. salivarius. E. faecalis biofilms
grown or treated with DNase | showed more porous and disintegrated features
when compared to control biofilms. Additionally, the volume of

exopolysaccharides in DNase biofilms was significantly lower than that of the
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control biofilms implying that eDNA could act as a support for other components
of the matrix (Yu et al., 2019).

Antibiotics and other antimicrobials are used as adjunctive treatment of oral
diseases including periodontal and endodontic infections, and oral hygiene
products often comprise antimicrobial agents. Nevertheless, the role of eDNA in
the protection of oral bacteria against antimicrobials has not been clearly
identified (Jakubovics and Burgess, 2015). In non-oral bacteria, eDNA has been
shown to protect microbial cells in biofilms against the effect of various
antimicrobial agents. For instance, DNase | promotes the efficacy of antibiotic
treatment of non-typeable Hemophilus influenzae (NTHI) biofilms (Cavaliere et
al., 2014), and increases the sensitivity of Mycobacterium tuberculosis biofilm
cells to isoniazid (Ackart et al., 2014). eDNA is a negatively charged molecule
and could limit the penetration of positively charged antibiotics such as
tobramycin via ionic interactions (Tseng et al., 2013). Recently, DNase |
treatment has been found to enhance the antimicrobial efficacy of tobramycin
(Waryah et al., 2017) and povidone iodine (Kaplan et al., 2018) against
Staphylococcus aureus biofilms. However, the protective role of eDNA against
antimicrobials might not exist in all biofilms as the susceptibility of Burkholderia
cepacia biofilms to tobramycin was not improved by DNase | treatment (Messiaen
et al., 2014). This could be due to the presence of DNA binding proteins which
might protect eDNA from being degraded by DNase I. The effect of eDNA on the
sensitivity of E. faecalis, a leading cause of recurrent endodontic infections, to
chlorhexidine has been investigated in several studies and it has been found that
DNase | sensitized the E. faecalis biofilms to chlorohexidine (Li et al., 2012,
Ganesh et al., 2015, Yu et al., 2019). Furthermore, Yu et al. (2018) found that
antibiotic-induced biofilm formation in E. faecalis is associated with increased
eDNA levels. This biofilm induction effect was only seen with drugs that affect
cell wall integrity, and was reduced by DNase treatment indicating that cell lysis
and eDNA release is the mechanism behind this protective response. eDNA-
dependent biofilm formation has also been induced in S. mutans upon exposure

to cell wall-targeting antibiotics (Nagasawa et al., 2020a).

eDNA might also provide resistance against host defense antimicrobials. DNase

treatment of NTHI biofilms increased the antibiofilm efficacy of human beta
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defensin 3 (hBD-3) highlighting a role for eDNA in protection from antimicrobial
peptides mediated killing (Jones et al., 2013).The latter observations could be
relevant to the function of eDNA in oral biofilms as hBDs are secreted by gingival
epithelial cells and upregulated in periodontitis(Liu et al., 2014). Additionally,
hBD-3 is able to neutralize the oral pathogen P. gingivalis by intervening with its
binding to host cell receptors thereby reducing inflammation (Pingel et al.,
2008). By counteracting the action of hBDs, eDNA might have a role in the

progression of periodontal disease.

Extracellular DNA has been found to act as source of nitrogen, phosphate and
carbon for bacteria in various biofilms (Palchevskiy and Finkel, 2006, Pinchuk et
al., 2008, Mulcahy et al., 2010, Lewenza et al., 2020). In Pseudomonas
aeruginosa biofilms, a secreted DNase is required to degrade eDNA and utilize
DNA fragments or nucleotides as nutrients (Mulcahy et al., 2010). Similarly, oral
bacteria might be able to use eDNA as a nutritional source particularly since many
of them produce DNase enzymes that can digest DNA (Palmer et al., 2012).
Moreover, eDNA binds cationic metal ions and it could consequently aid to keep
trace metals within biofilms. The oral environment seems to have low content of
some metal ions such as manganese, which is essential for the growth of bacteria.
In S. gordonii, Genes encoding manganese transport system that is repressed by
high Mn?* were found to be upregulated in the presence of saliva (Jakubovics et
al., 2000). Further research is required in order to understand the role of eDNA

as a nutrient resource for bacteria within oral biofilms.

Extracellular DNA released into biofilm matrices might be taken up by biofilm
bacteria and utilized for genetic transformation. The analysis of the nucleotide
sequence of genomic DNA from oral streptococci emphasizes the contribution of
eDNA uptake to the genetic evolution of these species as it shows extensive
evidence of recombination (Do et al., 2011, Hoshino et al., 2005, Roberts and
Kreth, 2014). Furthermore, DNA uptake and natural transformation have been
reported in P. gingivalis (Tribble et al., 2012) and Tannerella forsythia
(Nishikawa and Tanaka, 2013). Gene transfer between different species can
contribute to transfer of antibiotic resistance to pathogenic species. Using an
experimental model, genomic DNA from Veillonella dispar was able to transform

Streptococcus mitis to tetracycline resistance (Hannan et al., 2010) . Besides
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that, gene transfer from S. mitis and S. oralis is likely to be responsible for the
increasing penicillin resistance among Streptococcus pneumoniae (Chi et al.,
2007).

1.5 The activity of bacterial DNases in dental plaque

While many bacterial species produce extracellular nucleases, the effect of these
native DNases on eDNA in biofilms is still unclear. The activity of bacterial
nucleases was shown to regulate the amount of biofilm formation by digesting
eDNA and enhancing biofilm dispersal in several species including Neisseria
gonorrhoeae, Vibrio cholerae, Haemophilus influenzae, Shewanella oneidensis
and Staphylococcus aureus. In these organisms, increased eDNA accumulation
and thicker biofilms were reported in nuclease mutants when compared to the
wild-type strains (Steichen et al., 2011, Seper et al., 2011, Cho et al., 2015,
Godeke et al., 2011). However, different nucleases could have different
functions within the biofilms as only two of the three extracellular nucleases
produced by S. oneidensis MR-1 affected biofilm formation (Heun et al., 2012).
Additionally, one of these nucleases exhibited its effect on biofilm formation
under static but not hydrodynamic conditions (Godeke et al., 2011). Nuclease
mutants of S. aureus showed enhanced capacity to form a biofilm in vitro, whilst
mutation of nuclease genes in vivo was associated with compromised biofilm
formation (Kiedrowski et al., 2011, Beenken et al., 2012). Hence, extracellular
nucleases appear to have different roles under in vitro versus in vivo conditions.
Many oral bacteria including periodontal pathogens have been shown to produce
DNase enzymes (Palmer et al., 2012, Doke et al., 2017). These DNases were
primarily investigated for their capability to degrade NETs; however, it is
unknown if and to what extent these enzymes are involved in eDNA degradation
and plaque biofilm remodeling. Recently, a DNase produced by S. mutans,
identified as DeoC, has been examined for a potential role in biofilm dispersal.
Supernatant from the nuclease mutant biofilms, unlike the wild-type strain
supernatant, showed no DNA degradation activity, implying that DeoC plays a
role in eDNA degradation (Liu et al., 2017). Furthermore, DeoC added to
preformed biofilms of S. mutans significantly reduced the biofilm biomass.

However, the purified DeoC could not degrade DNA independently highlighting a
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discrepancy between the antibiofilm and the DNA degradation activity of this
DNase. It is also not unknown whether the dispersal effect of DeoC is restricted
to S. mutans biofilms or if it extends to affect biofilms formed by other oral
species and more importantly dental plaque. Since dental biofilms were found to
be sensitive to exogenous DNases such as NucB (Rostami et al., 2017), DNases
produced naturally by oral bacteria could be upregulated to reduce biofilm

formation or disperse pre-established plaque biofilms.

1.6 eDNA-host interaction

Bacteria-host interactions are initiated by the recognition of various bacterial
molecules and patterns by the immune system. Tokunaga et al. (1984) were the
first to discover that bacterial DNA has the ability to stimulate the host immune
cells. Several subsequent studies have shown that DNA from gram positive and
gram-negative bacteria can efficiently activate host immune cells triggering the
release of proinflammatory cytokines (Cowdery et al., 1996, Sparwasser et al.,
1997, Stacey et al., 1996). In contrast to mammalian DNA, bacterial DNA contains
unmethylated CpG motifs, hence, the immune system can distinguish it from host
DNA and, consequently, sense the threat of infection (Lipford et al., 1997, Krieg,
2002). DNA isolated from cells of periodontopathogenic bacteria induced the
production of tumor necrosis factor alpha and interleukin-6 by murine
macrophages and human gingival fibroblasts (Nonnenmacher et al., 2003b, Soto-
Barreras et al., 2017). DNA extracted from oral bacteria was also capable of
stimulating gingival epithelial cells to produce interleukin-8 (Kim et al., 2012a).
Since bacterial DNA is recognized by Toll-like receptor 9 on the surface of innate
immune cells and B cells, both innate and adaptive immune response can be
stimulated by bacterial DNA. Although DNA present in the biofilm matrix is likely
to contain the same immunogenic patterns present in genomic DNA, it could also
include DNA from host cell lysis and consequently it might be less antigenic than
intracellular bacterial DNA (Watters et al., 2016). Treating in vitro biofilms of P.
aeruginosa with DNase | significantly reduced the ability of the biofilms to
stimulate the release of cytokines IL-8 and IL-1b from neutrophils (Fuxman Bass
et al., 2010). These results suggest that eDNA is a major proinflammatory

component of P. aeruginosa biofilms. Additionally, the use of DNase | to treat
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cystic fibrosis patients led to a decrease in the markers of inflammation and
neutrophil derived metalloproteinases reinforcing the potential of eDNA being a
trigger for immune cell response (Konstan and Ratjen, 2012). Similarly, eDNA
may have an important effect on sensing the dental biofilm by host immune cells.
Ramirez et al. (2019) assessed the immunogenic potential of eDNA extracted
from E. faecalis monospecies biofilms on macrophages. The authors found that
eDNA has the ability to induce a low-grade inflammatory response which could
be associated with chronic inflammation. Pathogenesis of periodontitis is likely
to be affected by the interactions between host immune cells and eDNA of

subgingival biofilm, however, little is known about these interactions.

1.7 Targeting eDNA for oral biofilm control

Since eDNA seems to play an important role in maintaining the structural integrity
and increasing the antimicrobial resistance of numerous different biofilms,
targeting with DNase enzymes represents a promising strategy for biofilm
control. DNases have been shown to degrade several mono- and multispecies
biofilms of gram-positive and gram-negative bacteria (Okshevsky and Meyer,
2015). The degradation of eDNA can release microorganisms from the biofilm
matrix or weaken the biofilm and increase its sensitivity to antibiotics. Currently,
the antibiotic treatment of patients with cystic fibrosis is combined with
recombinant human DNase | to degrade eDNA thereby reducing mucus viscosity
and facilitate its clearance in the lung (Konstan and Ratjen, 2012, Manzenreiter
et al., 2012). Bovine DNase | also showed excellent antibiofilm effects against
Gardnerella vaginalis, a predominant organism in bacterial vaginosis, in vitro as
well as in vivo and enhanced the activity of metronidazole against these biofilms
(Hymes et al., 2013).

Furthermore, there is evidence that DNases can be incorporated in and act
synergistically with other biofilm targeting approaches such as nanoparticles. For
instance, ciprofloxacin nanoparticles coated with DNase | prevented P.
auroginosa biofilm formation and substantially reduced the mass, size and living
cell density of established biofilms (Baelo et al., 2015). In a recent study, DNase
| was found to potentiate the effect of nanoparticles activated with an

antimicrobial enzyme against polymicrobial biofilms of Candida albicans and
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Staphylococcus aureus in vivo (Tan et al., 2020). Nanoparticles have been
successfully used to deliver antimicrobials such as doxycycline and chlorhexidine
to oral biofilms (Zhou et al., 2018, Zhao et al., 2019). A combinatorial approach
comprising nanoparticles and DNases could achieve enhanced outcomes in oral

biofilm control.

Coating surfaces of oral prostheses such as implants or dentures with DNases is
also a potential option that could help prevent or inhibit oral biofilm
accumulation. Swartjes et al. (2013) have reported that applying DNase | enzyme
coating to polymethylmethacrylate (PMMA) material significantly reduced the
adhesion of S. aureus and P. aeruginosa and inhibited biofilm formation for up
to 14 hrs. PMMA is a commonly used material in making dentures, hence, the
DNase coating approach could be utilized to tackle the problem of denture
stomatitis. However, the coating technique might need some optimization as
the enzyme was found to lose activity between 8 and 24 h. Functional DNase
coating of titanium, a common dental implant material, has also been
investigated and shown to reduce adhesion of S. mutans and S. aureus and inhibit
biofilm formation over 24 h although the activity of the enzyme only lasted for
16 hours (Ye et al., 2017).

The use of mammalian DNases is limited by their high cost as glycosylation is
required for their full activity, and consequently, their production in cheap
bacterial expression systems is not possible. Bacterial nucleases have recently
been described and demonstrated to inhibit or disperse biofilms. One example is
NucB from B. licheniformis which has been shown to be advantageous when used
against clinically relevant biofilms (Shakir et al., 2012, Shields et al., 2013).
(Rostami et al., 2017) have assessed the efficacy of NucB against oral biofilm
models and demonstrated that biofilm formation is strongly inhibited by NucB
treatment. The authors, however, found that preformed biofilms were relatively

resistant to the treatment.

The age of the biofilm appears to be a limiting factor when using DNases against
biofilms as several reports showed that DNase treatment becomes less effective
once the biofilm has matured beyond a certain stage (Whitchurch et al., 2002,
2007, Barnes et al., 2012, Schlafer et al., 2017, Schlafer et al., 2018b, Yu et al.,
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2019). It is still not clear why more aged biofilms are resistant to DNases, but a
possible explanation is that other components of the biofilm matrix might
substitute or bind eDNA and protect it from enzymatic degradation. It is,
therefore, important to identify interactions between eDNA and other
components of the matrix such as proteins and polysaccharides, and to develop

strategies that can target these interactions.

DNases could have species-specific effects as some late colonizers of dental
plaque including P. gingivalis were less abundant in biofilms grown in the
presence of NucB than early colonizers such as streptococci (Rostami et al.,
2017). Early colonizers express a variety of cell surface adhesins that can mediate
adherence to receptors in the salivary pellicle (Nobbs et al., 2011), hence, they
might be less dependent on eDNA for adhesion. If NucB is capable of excluding
certain species from the biofilm, it might be due to an effect of eDNA on some
synergistic interbacterial interactions that are important for dental plaque

formation.

While adding DNases exogenously has already shown promising results as a way
of targeting eDNA in biofilms, the induction of bacteria to degrade their own
biofilms by upregulating endogenous DNases is another potential approach.
Gnanadhas et al. (2015) found that treatment with L-Methionine induced the
DNase production in P. aeruginosa rendering resistant biofilms susceptible to
ciprofloxacin. These results were also reflected in vivo, in the murine chronic PA
lung infection model, where mice treated with ciprofloxacin and L-Methionine
showed enhanced survival in comparison to mice treated with ciprofloxacin
alone. Several oral bacteria produce DNase enzymes, however, the capability of
these enzymes to digest eDNA and disrupt plaque biofilm is not yet clear.
Furthermore, the stimulation of endogenous nucleases production in bacteria
might be complicated. Different organisms use different regulation systems for
the expression of their nucleases, and it is, therefore, challenging to find a
universal control approach for the wide range eDNA dependent bacteria in the
biofilm (Okshevsky et al., 2015). The induction of nuclease production in one of
many species in a mixed-species biofilm could be an easier strategy, but whether

it would be effective at removing the whole biofilm remains to be investigated.
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Clearly, eDNA seems to play an important role in oral biofilm formation and
stability and it can, therefore, be a potential target for oral biofilm control.
However, there are still many unanswered questions regarding the functions and
sources of eDNA in oral biofilm. For example, do all bacterial species in dental
plaque contribute to the release of eDNA to the same extent and does eDNA have
a role in the immunopathogenesis of periodontitis? It would also be interesting
to see if targeting eDNA can exclude pathogenic species from the dental biofilm
and whether the dental biofilm is as sensitive to DNases produced by the biofilm

species as it is to DNases from non-oral bacteria.

1.8 Aims and objectives:

This project aims to develop an enhanced understanding of the roles of eDNA in

dental plaque by addressing the following objectives:

1. Establish if certain bacteria are dependent on eDNA during mixed-species

biofilm formation.
2. Assess the antibiofilm activity of native DNases in dental plaque.
3. Characterize the bacterial composition of eDNA from dental plaque.

4. Determine the ability of eDNA to stimulate host cell responses

24



Chapter 2: Materials and Methods

2.1 Bacterial culture

2.1.1 Bacterial strains and routine culture

The bacterial strains used in this thesis are Streptococcus gordonii DL1,
Fusobacterium nucleatum ATCC 25586 and Porphyromonas gingivalis 381
(obtained as a gift from Dr Graham Stafford, Sheffield). S. gordonii was grown in
BHYE liquid medium [Brain heart infusion 37 g/L (Melford Laboratories, Ipswich,
UK), and yeast extract 5 g/L (Melford)] and the culture was incubated at 37°C
aerobically (without shaking) overnight. F. nucleatum ATCC 25586 was cultured
in BHYEG [37 g/L brain heart infusion (Melford), 5 g/L yeast extract (Melford),
and 2.5 g/L L-glutamic acid (Sigma Aldrich, Gillingham, UK)] and incubated at
37°C in anaerobic conditions (10% CO2, 10% Hz, and 80% N2) for 48 h.
Porphyromonas gingivalis was grown anaerobically in trypticase soy broth (TSB)
(Melfords) supplemented with 1 pg/ml menadione and 5 pg/ml hemin (TSBHM)
at 37°C for 48h. After incubation, purity was checked using phase contrast

microscopy and gram staining.

2.1.2 Glycerol stocks of bacteria

The relevant broths were inoculated from the laboratory’s main ‘culture
collection’ stocks (-80°C) and incubated as appropriate for each strain. Purity
was checked as mentioned above and an inoculum from the culture was streaked
on BHI [37 g/L Brain Heart Infusion (Melford laboratories), 5 g/L Yeast Extract
(Melford), and 15 g/L Agar (Melford)] for S. gordonii and Fastidious Anaerobic
Agar [Melford laboratories]. F. nucleatum and P. gingivalis. The plates were
incubated for 24 h in case of S. gordonii, 48 h for F. nucleatum and 5 days for P.
gingivalis, and one colony was then used to inoculate 20 ml sterile broth. After
checking purity, the broths were transferred to sterile centrifuge tubes and
centrifuged at 3,800 xg for 10 min at 20°C [Sigma 3K10 centrifuge, swing out
rotor, Sigma Aldrich]. The supernatant was removed, and the cell pellets were

resuspended in a mixture of 500 uL appropriate sterile broth and 500 pL sterile
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50% glycerol (VWR). The glycerol stock was transferred to a sterile Eppendorf

tube and stored at -80°C to be used when needed.

2.2 Sample collection

2.1.2 Saliva samples collection

Ethical approval was gained by the National Research Ethics Service Committee,
North East (ref. 14898/2018). Whole stimulated saliva was collected as described
by Nance et al. (2013). Donors were healthy adults who had not taken antibiotics
for at least 2 weeks and had not consumed food or drink for 2 h prior to
collection. Saliva samples were collected on ice and used as an inoculum to grow

model dental plaque biofilms within 15 min of collection.

2.3 Biofilm Models

2.3.1 Static monospecies and multispecies bacterial biofilm models
To culture mono-species biofilms of F. nucleatum, 1 ml of 48 h old culture (ODsgo=
1.2) was added to triplicate wells of a sterile polystyrene 12 well plate [Greiner
Bio One, Stonehouse, UK] containing 3 ml BHYEG. The plate was sealed with
parafilm and incubated in anaerobic conditions for 4 days to allow biofilm
formation. At the end of the incubation time, the growth medium was removed,
and the biofilms were washed once with 1 ml phosphate buffered saline (PBS) to
remove loosely attached cells. The biofilms were quantified by crystal violet
staining and the absorbance As;o was read in a Synergy HT microplate reader
(BioTek, Bedfordshire, UK). To culture mono-species biofilms of P. gingivalis, 2.5
pl of P. gingivalis stock or 500 pl of 48 h old culture of P. gingivalis was used to
inoculate triplicate wells of sterile polystyrene 12 well microtiter plate
containing 2 ml TSBHM. The plate was incubated in anaerobic conditions for 4
days. Streptococcus gordonii DL1 and Porphyromonas gingivalis 381 were used to
establish a dual-species biofilm model. Concentrated stocks of both species were
prepared as follows: P. gingivalis was grown on fastidious anaerobic agar (FAA)
plates at 37 °C in anaerobic conditions (5% CO2, 10% Hz, and 80% N2) for 5 days.
A few colonies were used to inoculate 45 ml of TSBHM, and the bacteria were
grown anaerobically at 37°C for 48 h. After checking purity, the broth cultures

were transferred to sterile centrifuge tubes and centrifuged at 3,800 g, 4°C for
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10 minutes. The pellets were resuspended in 500 pL sterile broth media and 500
pl sterile glycerol. These concentrated glycerol stocks were transferred to sterile
Eppendorf tubes and stored at -80°C to be used as inocula for initiation of
biofilms. S. gordonii was maintained on BHYE agar plates for 18 h and few
colonies were used to inoculate 45 ml of BHYE broth, and the culture was then
grown aerobically overnight at 37 °C. Cells were collected by centrifugation, and
stocks were prepared, as described for P. gingivalis. Bacterial counts of the
prepared stocks of both species were determined by the method of Miles et al.
(1938) to be able to add a consistent number of cells to biofilm growth
experiments. To initiate the dual species biofilms, 13 pl (1x 108 CFU/ml) of S.
gordonii previously prepared stocks were used to inoculate each well of a 12 well
tissue culture plate containing 2 ml BHYE. Cultures were grown anaerobically at
37°C for 24 h to allow biofilm formation. The culture medium was subsequently
removed from streptococcal biofilms and 2.5 pl (1x108 CFU/ml) of P. gingivalis
stock were added with 2 ml TSBHM to each biofilm. The biofilms were allowed
to grow anaerobically for additional 20 h at 37°C. The growth medium was then
removed, and the developed biofilms were washed once with 1 ml PBS and
harvested in 3 ml PBS using a cell scraper. Cells were harvested by centrifugation

at 3,800 xg at 4°C for 10 min and prepared for chromosomal DNA extraction.

2.3.2 Static in vitro dental plaque biofilms
Whole human saliva was used to inoculate artificial saliva 1:100 (Pratten, 2007).
Biofilms were cultured on the bottoms of 12 well microtiter plates to be
quantified by crystal violet staining or on sterile glass coverslips placed in 6 well
plates to be visualized by microscopy. The biofilms were grown for 24 h at 37°C
either aerobically (without shaking) with 2% (w/v) sucrose to model supragingival
dental plaque or anaerobically with no sucrose to mimic the growth conditions

for subgingival dental plaque.

2.3.3 Biofilm formation in a Microfluidic biofilm system
A microfluidic biofilm system was used to grow F. nucleatum biofilms to study
the effect of DNases enzymes on the biofilms under hydrodynamic conditions.

The experiment was started by loading 200 pl of BHYEG in the inlet wells of a
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Bioflux 48-well plate (Bioflux 1000, Fluxion Biosciences, USA). The growth
medium was pumped towards the outlet wells at 2.0 dyne cm2 for 2 min at room
temperature. The flow was then stopped, and the plate channels were allowed
to be primed for 1 h at room temperature to enhance cell adhesion and biofilm
formation. At the end of the priming period, the excess growth medium was
aspirated from the output wells and 200 pL of 48 h old culture of F. nucleatum
were added. The bacterial suspensions were then pumped from the output wells
to the input wells at a rate of 2.0 dynes cm= for 5-10 seconds to fill the
microfluidic channels of the plate. The suspension was incubated statically in the
channels for 1 h at 37°C to allow the cells to settle. 800 pl of fresh sterile BHYGE
medium were then added to the outlet wells and flow was started and adjusted
to a slower rate of 0.2 dyne cm=2. To follow the growth of the biofilms, bright-
field images were acquired once every 30 mins over 24 h at 20X magnification
using an inverted microscope (Nikon) mounted with a CCD camera (1392 x 1040

pixels).

2.4 Molecular biology methods

2.4.1 Extraction of intracellular DNA
Intracellular DNA (iDNA) was extracted from planktonic cultures of S. gordonii
and P. gingivalis, monospecies biofilms and mixed species biofilms. Bacterial
cells (10 ml) were harvested from 48 h old broth culture of P. gingivalis and
overnight culture of S. gordonii by centrifugation at 3,800 xg for 10 min at 4°C.
Pellets were resuspended in 150 pl of Spheroplasting Buffer [20 mM Tris-HCl
(Melford, UK), 10 mM MgCl, (Sigma, UK), and 26% (w/v) Raffinose.5H20 (Sigma,
UK)]. 10 pl of 250 pg/mL lysozyme (Sigma) and 5 pl of 10,000 U/mL mutanolysin
(Sigma) were then added and the mixture was incubated in a water bath at 37°C
for 30 min.150 pl of 2X T&C lysis solution [(Epicentre kit) CamBio, Cambridge,
UK] were added to each sample and the samples were placed with 25 mg of acid
washed glass beads (0.1 mm) in a bead lysis machine [(TissueLyser LT), Qiagen,
Manchester, UK] at 50 Hz for 5 min. Samples were immediately placed on ice and
1 pl of Proteinase K (20 mg/ml) [CamBio] was added to each sample. Samples
were incubated at 65°C for 30 min, vortexing briefly every 5 min. The mixture

was cooled at 37°C for 10 min,1 pl of RNase A (5 pg/ul) [CamBio] was added, and
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the samples were incubated at 37°C for 30 min. Samples were then placed on
ice for 3-5 min, and eDNA was purified as follows. 350 pl of Protein Precipitation
Reagent [CamBio] was added and samples were vortexed vigorously for 10 sec
and centrifuged at 10,000 xg for 10 min at 4°C in a microcentrifuge [PrismR
refrigerated microcentrifuge, Labnet, Edison, NJ, USA]. Supernatant was
collected in a clean microcentrifuge tube and 500 pul of isopropanol was added.
Tubes were inverted gently to mix and placed on ice for 10 min. DNA was pelleted
by centrifugation at 10,000 xg for 10 min at 4°C, isopropanol was removed, and
the pellet was rinsed with 500 pl of 75% ethanol. The sample was centrifuged at
4°C for 5 min at 10,000 xg and the ethanol rinse was repeated. The ethanol was
removed, and the precipitated eDNA pellet was air dried and resuspended in 25
pl of PCR grade water. The purity and concentration of each sample was
determined using a NanoDrop ND-1000 Spectrophotometer [ThermoFisher
Scientific, Winsford, UK]. DNA Samples were also visualized by agarose gel
electrophoresis (Section 2.4.4) to assess quality. Samples were stored at -20°C

to be used later in relevant experiments.

2.4.2 Extraction of extracellular DNA
Extracellular DNA (eDNA) was extracted from F. nucleatum biofilms and from
model dental plaque biofilms. After growth medium removal, biofilms were
washed once with 1 ml PBS to remove unattached and loosely attached cells, and
the biofilms were harvested in 1 ml PBS using a plastic cell scraper (Greiner Bio
One LTD, Kremsmiinster, Austria). The collected biofilms were transferred to
Eppendorf tubes, vortexed for 20 sec and centrifuged in a microcentrifuge
[PrismR refrigerated microcentrifuge, Labnet, Edison, NJ, USA] at 12,000 xg for
30 min at 4°C. Supernatants were then carefully transferred to clean Eppendorf
tubes. Supernatant and cell pellets were stored at -20 °C ready for the
purification process. eDNA was purified from supernatants according to a
protocol used by (Wittenberger and Angelo, 1970) and Sullivan et al. (2000).
Briefly, an equal volume of 25:24:1 phenol-chloroform isoamyl alcohol was added
to the supernatant containing eDNA, mixed by 30-40 times inversion and

centrifuged at 16,000 xg for 5 min at 4°C. This step was repeated, and the
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supernatant (upper phase) was carefully collected. DNA was precipitated by
adding 1/10 volume 3M Na acetate (pH 5.2) and 2/3 volume isopropanol. After
mixing and centrifuging for 5 min, eDNA pellet was air dried and resuspended in
25 pl of 10 mM Tris-HCl (pH 8) and stored at -20 °C. The purity and the
concentration of eDNA was measured using a NanoDrop ND-1000
spectrophotometer (Thermo Fisher Scientific-USA) and eDNA was subsequently

visualized using agarose (1% w/v) gel electrophoresis.

2.4.3 Nanodrop spectrophotometry
The NanoDrop ND-1000 spectrophotometer was used to determine the
concentration and purity of iDNA and eDNA samples. A blank value of light
absorbance was first obtained by placing 2 pl of the elution buffer on the
NanoDrop stage. 2 pl of DNA samples were then loaded onto the NanoDrop stage
and the absorbance was measured. The ratio of 260/ 280 nm absorbance was

used to assess DNA purity (a ratio of 1.8-2.0 was regarded as acceptable purity).

2.4.4 Agarose gel electrophoresis
To make agarose gels, agarose powder [Agarose, Melford] was added to 50X TAE
buffer [ 242 g Tris, 57.1 ml acetic acid (Fisher Scientific), and 100 ml of EDTA 0.5
M pH 8 adjusted to 1 L by H;0;] to the appropriate percentage and heated until
dissolved. Gel solution was either stained by adding GelRed 10,000x stain in DMSO
[Cambridge Bioscience Ltd, UK] 5 pl/50ml or ethidium bromide [Sigma Aldrich]
20 ul/50ml. The gel was then poured into an appropriate gel tray and allowed
to solidify. Samples were mixed with loading dye [Bioline, Nottingham, UK] 5:4
before loading into the gel wells. MassRuler DNA Ladder Mix [80-10,000 bp;
(Bioline)] and HyperLadder 1 kb Plus [250-12,007 bp; (Bioline)] were used as DNA
molecular weight markers. Gel electrophoresis was run at 85 V/cm2 for 60 or 90
min, using a Bio-Rad Power Pac 300 [BioRad]. Gels were subsequently viewed on
the G: BOX Transilluminator [Syngene] and images were captured using GeneSnap

software (Syngene, UK).
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2.4.5 Plasmid extraction from E. coli strains for qPCR standards
Plasmids were isolated from a sample of 10 pl E. coli stocks containing pTOPO-
Pg (Field et al., 2012) and pTOPO-Sg [constructed in the Oral Biology lab at
Newcastle University as follows. Oligonucleotide primers Sg DNaseF2 and Sg
DNaseR2 were used to amplify a fragment (approximately 96 bp) of the
restriction endonuclease (Putative type | site specific DNase) from S. gordonii.
The PCR reaction included template DNA (2 nM) and the forward and reverse
primers each at 250 nM in Reddymix reaction mixture. The PCR amplification
reaction was run in the following order: 94°C for 2 min (separation of DNA
strands), 94°C for 10 s (35 cycles), 52°C for 30's, 68°C for 1 min 20 s followed by
further incubation at 68°C for 7 min. The amplified fragment was cloned in
plasmid vector pCR2.1-TOPO to generate plasmid pTOPO-Sg (4027 bp). Escheichia
coli DH5a was transformed with the plasmid, and transformants were selected
on LB agar supplemented with ampicillin (100 pg /mL)]. E. coli containing pTOPO-
Sg and pTOPO-Pg were cultured in 5 ml of LB broth with ampicillin (1pl/ml), and
incubated overnight in a shaker incubator (Orbital Shaker, Jencons, UK) at 250
rpm, 37°C. Broth cultures were centrifuged at 3,800 xg for 10 min at 4°C, and
the supernatant was discarded. The plasmids were extracted from the pellet
using QIAPrep Spin Miniprep plasmid kit (Qiagen, UK) and eluted in 50 pl of
elution buffer (provided with the kit). Samples were visualized using agarose gel

electrophoresis, and stored at -20°C.

2.4.6 Quantification of double stranded DNA by PicoGreen assays
To obtain an accurate measurement of plasmid DNA concentrations,
ThermoFisher Scientific’s Quant-iT™ PicoGreen™ dsDNA Assay Kit was used
according to manufacturer’s instructions. Standard A DNA solution (2 pg/ml) was
diluted in TE buffer (10 mM Tris-HCL, 1 mM EDTA, pH 7.5) to make a range of
concentrations (200 ng/ml to 0 ng/ml). The PicoGreen reagent was also diluted
200-fold and samples were diluted 1:50 in TE buffer. 75 pl of either standard A
DNA solution, or DNA templates, were placed in triplicate wells of black 96 well
plates [Griener Bio One]. An equal volume of 75 pl from the prepared PicoGreen
was added to both the standard and DNA template wells to obtain a total volume

of 150 pl in each well. Fluorescence was measured in a Synergy HT microplate
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reader (BioTek, Bedfordshire, UK) at excitation 480 nm and emission 520 nm.
The resulting standard curve derived from the A DNA was used to calculate the

unknown concentration of the DNA.

2.4.7 Quantitative PCR
gPCR reactions were run for each of S. gordonii and P. gingivalis separately using
their applicable primers, probe [see Table 2.1] and thermocycle. A standard
curve was generated using 10-fold dilution series of plasmid DNA. The gPCR
reaction for S. gordonii contained the following reagents: 1 pl of forward and
reverse primers (300 nm) and 0.5 pl of TagMan probe (150 nm), 6.25 pl of MyTaq
enzyme (Bioline, UK), 2.75 pl PCR grade water, and 1 pl of either DNA template
or PCR grade water in a total volume of 12.5 ul. When the gqPCR was run for P.
gingivalis, each gPCR reaction contained: forward and reverse primer 1.2 pl each
(2.5 pM), probe 0.6 pl (2.5 pM), 7.5 pl of MyTaq Enzyme , 3.3 ul PCR grade water,
and 1 pl of either DNA template or PCR grade water in a total volume of 13.8 pl.
Triplicate samples were used for each analysis. The qPCR reaction was run in a
QuantStudio 3 thermal cycler (Thermo-Fisher Scientific, UK) with the following
cycling program : 95°C for 10 min (initial denaturation), 95°C for 15 s, 60°C for
1 min, plate read. Cycle from step 2 was repeated for 39 cycles in the gPCR

reaction of S. gordonii and for 40 times when the qPCR was run for P. gingivalis.

Primers and
Sequences (5’-3’) Target region | Reference
probes
S. gordonii
(F) GGTGTTGTTTGACCCGTTCAG
Restriction
S. gordonii
$ AGTCCATCCCACGAGCACAG endonuclease _
(R) fragment (Suzuki et
al., 2004)
FAM-
S. gordonii
®) AACCTTGACCCGCTCATTACCAGCTAG
TATG-TAMRA
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P.
gingivalis ACCTTACCCGGGATTGAAATG

(F)

P.

16s rRNA (Field et
gingivalis CAACCATGCAGCACCTACATAGAA

gene al., 2012)
(R)
P. FAM-
gingivalis ATGACTGATGGTGAAAACCGTCTTCC
(P) CTTC-TAMRA

Table 2.1 Quantitative PCR forward primers (F), reverse primers (R) and probes
(P) sequences. FAM is a fluorescent reporter dye, TAMRA is a fluorescent quencher.

2.4.8 DNA sequencing
The microbial composition of iDNA and eDNA samples extracted from model
dental plaque biofilms [see Section 2.3.1 and Section 2.3.2] was characterized
using 16S rRNA gene sequencing. Prior to sequencing, sample concentrations
were measured using a NanoDrop ND-1000 spectrophotometer and samples were
analyzed by 1% agarose gel electrophoresis. Samples were sent to Source
BioScience [UK Ltd] to perform the 16S rRNA gene amplification and Illumina
MiSeq sequencing. The V1-V2 variable regions of 16S rRNA genes were amplified
using primers 27F-YM and 338R-R (Hamady et al., 2008). After Illumina paired-
end library preparation, cluster generation and 299-bp paired-end sequencing
were performed for all 26 samples (12 eDNA samples, 12 iDNA samples, 2 negative
controls) in one run. Data analysis was performed by Dr Gavin Wee [Monash
University, Malaysia]. During the analysis, paired-end reads and low-quality reads
were first removed from sequence adaptors using BBDuk of the BBTools package
(https://sourceforge.net/projects/bbmap/). After this, the forward and reverse
reads were merged using USEARCH v11.0.667

(https://www.drive5.com/usearch/). Sequences shorter than 150 bp or longer

than 600 bp (sequenced on the MiSeq platform) were removed from the
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downstream processing. Reads were then aligned with 16S rRNA (SILVA Release
132) or UNITE ITS database and inspected for chimeric errors using VSEARCH
v2.6.2. After these quality assessment steps, reads were clustered de novo into
OTUs at 97% similarity using UPARSE v11.0.667; rare OTUs with less than 2 reads
(doubleton) which are often spurious, were deleted from downstream processing.
A single representative sequence from each OTU was randomly chosen, and

Pynast (https://www.ncbi.nlm.nih.gov/pubmed/19914921) was used to align

and construct a phylogenetic tree against the SILVA 132 16S rRNA database.
Taxonomic assignment of OTU was achieved using QIIME V1.9.1 against the Silva
database 16S rRNA database (release 132).

2.5 Microscopy

2.5.1 Scanning electron microscopy (SEM)
Scanning electron microscopy was used to visualize the structure of model dental
plaque biofilms grown on glass coverslips, and to assess the effect of the DNase
enzymes NucB and SsnA on the formation of these biofilms and removal of
preformed biofilms. Samples were fixed in 2% (v/v) glutaraldehyde for 24 h at
4°C and washed twice in PBS. The samples were then dehydrated in series of
ethanol concentrations (25%, 50%, 75% 30 min each and 2 x 100% for 1 h) at room
temperature. Samples were then handed to the electron microscopy team at
Newcastle University where they were dried in a critical point dryer (Bal-tec),
mounted on aluminium stubs and sputter coated with gold. Biofilms were
subsequently visualized using TESCAN VEGA 3LMU scanning electron microscope
(Tescan, Cambridge, UK). Digital images were obtained with TESCAN software
(Vega3 control software, version 4.2.13.1). Triplicates samples were used in all

experiments.

2.5.2 Confocal laser scanning microscopy (CLSM)
The effect of DNase enzymes NucB and SsnA on the biofilm architecture of F.
nucleatum biofilms was visualized by confocal laser scanning microscopy (CLSM).
The biofilms were grown on sterile 13 mm diameter circle glass coverslips placed
in wells of a six-well tissue culture plate containing 4 mL growth medium. The

plate was incubated statically in anaerobic conditions at 37°C for 4 days. Growth
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medium was then removed, and coverslips were washed once with PBS, and
incubated in 5 pM SYTO 9 stain (Thermo Fisher Scientific, UK) for 15 min.
Coverslips were then washed with PBS to remove unbound stain and inverted
onto a gene frame 25 pL (1.0 x 1.0 cm) that had been placed on a microscope
slide and filled with PBS. Biofilms were examined using a Leica SP8-STED3X
inverted confocal microscope and biofilm stacks were captured using 63x water
immersion objective lens. Excitation of SYTO® 9 was achieved with a 483 nm
laser and emission wavelength was 503 nm. Four image stacks were captured for
each sample. Each Image stack was converted to .mat file and imported into BAIT
(Luo et al., 2019) where thresholding of the image stack was performed using the
biovolume elasticity method (BEM)(Luo et al., 2018). Biofilms were quantified by
calculating three biofilm architecture parameters (biovolume, number of
objects, surface area). The output of results was exported as a. csv file and

analysed in Microsoft Excel.

2.6 Anti-biofilm Activity of NucB and SsnA

2.6.1 Crystal violet staining assay
Crystal violet staining was used to quantify biofilm extent when assessing the
effect of the DNase enzymes NucB (Baslé et al., 2017) and SsnA (Robert Shields,
PhD thesis) on biofilm growth and removal. Biofilms were grown on the bottoms
of 12 well plates and stained by adding 300 pL of 0.1% (w/v) crystal violet (per
well). Plates were incubated for 15 minutes at room temperature with gentle
rocking (20 rpm). Wells were then washed 3 times with PBS and 600 pl of 7% (v/v)
acetic acid was added to each well to dissolve the residual stain. Asz; was read
in a microplate reader (Synergy HT). To evaluate biofilm extent, the Aszo values
of blank (stained but un-inoculated) wells were subtracted from the absorbance

values of the biofilm samples. All assays were performed in triplicates.

2.6.2 Testing NucB and SsnA effect against microbial biofilms models
To assess the effect of NucB and SsnA on the inhibition and dispersal of microbial
biofilms, biofilms were cultured in 12 well microtiter plates and biofilm biomass
was quantified with the crystal violet assay. To assess inhibition, NucB (0.5

pg/ml) [produced by Alastair Hawkins, the Protein Production Facility, Newcastle
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University] or SsnA (5 pg/mL) [produced by Paul Thompson, the Protein
Production Facility, Newcastle University] was included with media and inoculae
during biofilm formation. To test biofilm dispersal, enzyme was added after
biofilm formation and the plates were incubated at 37°C for 1 hour. The crystal
violet assay was then used to compare the biofilm extent in control versus

enzyme treated biofilms.

2.7 Nuclease activity assays

2.7.1 Measurement of NucB specific activity
The specific activity of NucB was measured using a method developed by Kunitz
(1950) with a slight modification and DNase | enzyme was included as a control.
A range of concentrations of NucB or DNase | enzyme were incubated at 37°C
with 125 pg of calf thymus DNA (CT DNA) [Sigma Aldrich] in a reaction buffer of
25 mM HEPES (pH 8.0) and 5 mM MnSO4 in a total reaction volume of 250 pl. The
reaction was stopped after 60 min by adding an equal volume of cold 4% (v/v)
perchloric acid [Sigma Aldrich, UK] to 200 pl of the reaction volume and the
mixture was then placed on ice for 40 min. The high molecular weight DNA was
then pelleted by centrifugation in a benchtop microfuge [Prism R, Labnet
International Inc, New Jersey, USA] at 13,000 rpm, 4°C for 3 min, and the amount
of low molecular weight DNA recovered in the supernatant was measured in a
Nanodrop spectrophotometer at 260 nm. A unit of activity is the amount required
to generate an absorbance of 1 when incubated with a set amount of CT DNA for
a fixed amount of time. One unit is the production of perchloric acid soluble DNA
products that generate an absorbance of 1.0 (using 1 ml volume in a 1 cm
pathlength cuvette) at 260 nm, per hour at 37°C in 25 mM HEPES pH8.0, 5 mM
MnSO4. Only the products of the nuclease reaction (typically less than 500 bp in
length) are soluble in 4% perchloric acid while high molecular weight DNA is not
acid soluble. The rest of the reaction volume was utilized to visualise the
digestion products of NucB-treated calf thymus DNA using 1% (w/v) agarose gel
electrophoresis. To perform this, an equal volume of phenol/chloroform/isoamyl
alcohol (Sigma Aldrich, UK) was added to 50 pl of the reaction volume and the

mixture was vortexed vigorously for 30 sec to form an emulsion. The sample was
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centrifuged for 3 min at 13,000 rpm and 4°C in a benchtop microcentrifuge

forming two layers. 5 pl of the upper layer were loaded on the gel.

2.7.2 Testing NucB and SsnA activity against double stranded and
plasmid DNA.

A range of concentrations of NucB or SsnA enzyme were incubated at 37°C with
125 pg of calf thymus DNA (CT DNA), salmon sperm DNA [Sigma Aldrich] or 1 pg
plasmid DNA from E. coli. The reaction buffer for NucB consisted of 25 mM HEPES
(pH 8.0) and 5 mM MnSO4 in a total reaction volume of 250 pl. For SsnA, the
reaction buffer contained 25 mM Tris (pH 8.0), 40 uM EDTA and 80 pM MgClz. The
reaction was stopped after 60 min by adding an equal volume of cold 4% (v/v)
perchloric acid to half the reaction volume and the mixture was then placed on
ice for 40 min. The high molecular weight DNA was pelleted by centrifugation in
a benchtop microfuge at 4°C and the amount of low molecular weight DNA
recovered in the supernatant was measured in a Nanodrop spectrophotometer at
260 nm. Agarose gel electrophoresis was also used to monitor the reaction as

described in Section 2.7.1.

2.7.3 Forster resonance energy transfer assay (FRET)
The DNase activity of NucB and SsnA against single stranded DNA was measured
quantitatively using a fluorescence-based assay in a method originally developed
by Kiedrowski et al. (2011). The substrate for FRET assay was single stranded
oligonucleotide of a short sequence (5 CCCCGGATCCACCCC 3’), modified at the
5’ end with a Hex fluorophore and at the 3’ end with a Black Hole Quencher 2.
FRET is a distance-dependent energy transfer from a donor chromophore to an
acceptor chromophore so that no photon is emitted. When the enzyme cleaves
the phosphodiester bond between two nucleotides, the donor and acceptor
chromophores will no longer be in close proximity, enabling the emission of
fluorescence. A range of concentrations of NucB and SsnA were incubated with
2 puM of FRET substrate in a reaction buffer to a total reaction volume of 25 pl in
a well of a 384-well microtiter plate (Greiner Bio-One), The reaction buffer for
SsnA contained 25 mM Tris-HCL (pH 8), 80 uM EDTA and 40 pM MgCl,. For NucB,
the buffer consisted of 25 mM HEPES and 5 mM MnSO4. Fluorescence was
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measured using the Synergy HT (BioTek) microplate reader (excitation 530 nm /
emission 590 nm) over 30 min at 30°C. The background fluorescence measured
for the control mix (FRET substrate incubated with the buffer only) was

subtracted from the fluorescence value of the various enzyme concentrations.

2.8 Protein analysis

2.8.1 Bradford protein assay
The total extracellular protein concentration in samples of saliva derived model
plaque biofilms was measured using Bradford assay. Bradford assay is based on
the binding of the Coomassie brilliant dye to proteins in the samples which results
in change in the colour of from brown to blue and consequently an immediate
shift in absorption from 465nm to 595nm. After the growth medium removal,
biofilms were scraped using a plastic cell scraper (Greiner Bio One LTD,
Kremsmunster, Austria] and collected in 1 ml PBS. The collected biofilms were
transferred to Eppendorf tubes, vortexed for 20 sec and centrifuged in a in a
microcentrifuge [(PrismR refrigerated microcentrifuge), Labnet, Edison, NJ, USA]
at 12,000 xg for 30 min at 4°C. Supernatants were then carefully transferred to
clean Eppendorf tubes. The protein concentration in these supernatants was then
determined. A standard curve was first generated using concentrations of bovine
serum albumen ranging from 0.1 to 1.6 mg/ml. 250 pl of Pierce™ Coomassie Plus
(Bradford) Assay Reagent [Thermofisher Scientific], was added to 5 pl of each
standard or unknown sample in a 96 well microtiter plate [Greiner Bio One] and
mixed on a plate shaker for 30 seconds. The plate was then incubated at room
temperature for 10 minutes before the absorbance was measured at 595nm in a
Synergy HT plate reader [BioTek, Swindon, UK]. The standard curve was used to

determine the protein concentration in the biofilm samples.

2.8.2 Protein gel electrophoresis
SDS-PAGE (sodium dodecyl sulfate-polyacrylamide gel electrophoresis), was used
to separate proteins in samples from model plaque biofilms. The first step was
to prepare 10 ml of resolving gel solution containing 12% acrylamide (4 ml of 30%
acrylamide) [Sigma Aldrich], 0.1 ml of 10 % SDS [Melford], 2.6 ml of 1.5M Tris
pH8.8 [Melford], 3.2 ml dH20, 100 pL of 10% w/v ammonium persulfate (AP)
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[Sigma Aldrich], 10 pL of N,N,N’,N’-Tetramethylethylenediamine (TEMED), [Sigma
Aldrich]. The resolving gel solution was then pipetted into a gel cast and a layer
of isopropanol (2-propanol) [Sigma Aldrich] was added on the top. The resolving
gel was left to set for 20-30 min before adding the stacking gel. The stacking gel
solution (5 ml) was prepared as follows: 0.67 ml of 30% Acrylamide [ Sigma
Aldrich], 1.25 ml of 0.5 M Tris-HCl pH 6.8, 0.05 ml of 10% w/v SDS [Melford],
2.975 ml dH0, 50 pL of 10% w/v ammonium persulfate (AP) [Sigma Aldrich], 5
ML of N,N,N’,N-Tetramethylethylenediamine (TEMED), [Sigma Aldrich]. The
isopropanol was removed, the stacking gel was added, and a comp inserted. After
the stacking gel was completely set, the comp was removed and the 1X SDS page
running buffer was poured into the gel tank until the gel is covered. Protein
samples were diluted with 5x sample buffer [ 0.25 M Tris-HCl pH6.8 [Melford],
50% glycerol [VWR], 10% SDS [Melford], 0.5 M diothiothreitol (DTT) (Sigma
Aldrich), 0.25% (w/v) Bromophenol blue (BPB) (Sigma Aldrich)]. Diluted samples
were heated at 100°C for 10 min to denature proteins. Samples were then
centrifuged at 10,000 rpm for 1 minute and loaded into the gel alongside the
protein molecular weight marker [PageRuler unstained Broad Range protein
ladder (10-200 kDa), Thermo Scientific, UK]. The electrophoresis was run using a
BioRad Power Pac 300 [BioRad, Watford, UK] at 120 V/cm? for 1 hour. Gel was
then stained by immersion in Coomassie blue stain [InstantBlue, Sigma Aldrich]
for 30 minutes with gentle shaking on a horizontal shaker. The gel was immersed

in dH,0 on the same shaker overnight for destaining.

2.9 eDNA-macrophages interaction experiments

Macrophages differentiated from THP-1 promonocytes [ECAC public health
England] using PMA were grown in RPMI-1640 (+glutamine) medium [Sigma
Aldrich] supplemented with 10% Heat inactivated foetal bovine serum (FBS),
Penicillin (100 U/ml) and streptomycin (100 pg/ml). Cells were counted and
diluted to 0.5 x 10° cells/0.9 ml. About 1.8ml (10¢ cells) was added into each
well of 12 well plate [Greiner Bio One, Stonehouse, UK] and incubated for 24 h
at 37 °C, 5% CO2.The cells were exposed to 1 pg/ml eDNA [purified from
monospecies biofilms of F. nucleatum, see Section 2.4.2] for 24 hours. LPS from

E. coli (100 ng/m) [R & D Systems, UK] was used as a positive control. The DNase
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enzyme NucB (1pg/ml), and NucB digested eDNA were also included as controls.
The concentrations of tumour necrosis factor alpha (TNFa) released by the
stimulated cells were measured using an enzyme-linked immunosorbent assay
(ELISA) [performed by Nicola Griffins in our cell culture lab] with the Human TNF-
a DuoSet® ELISA kit [R & D Systems, UK]. TNF-a concentration was expressed as

picogram per millilitre.

2.10 Immunodot assay

An immune dot assay was employed to detect eDNA in monospecies biofilms of
F. nucleatum. Biofilms were washed once with 1 ml PBS to remove unattached
and loosely attached cells before being harvested in 1 ml PBS using a plastic cell
scraper (Greiner Bio One LTD, Kremsmiunster, Austria). The collected biofilms
were transferred to Eppendorf tubes, vortexed for 20 sec and centrifuged in a in
a microcentrifuge [PrismR refrigerated microcentrifuge, Labnet, Edison, NJ,
USA] at 12,000 xg for 30 min at 4° C. Supernatants were then carefully transferred
to clean Eppendorf tubes. A dilution series of these supernatants (1 pl) were
dotted onto nitrocellulose membrane, 0.45 ym [Bio-Rad, UK] and left to dry at
room temperature for 1 hour. iDNA purified from cell pellets extracted from the
same biofilms was used as a control. The membrane was incubated in 5% (w/v)
milk protein in TBST [Tris-buffered saline; 20 mM Tris-HCL, 140 mM NaCl, pH 7.5
plus 0.1% Tween-20, v/v] for 1 h to block all nonspecific protein-binding sites.
The membrane was then Incubated overnight in primary antibody [Mouse
monoclonal Anti-ds DNA antibody (Abcam, UK)] diluted at 1:1000 fold in TBST.
After being washed extensively in TBST, the membrane was incubated for 1.5 h
in secondary antibody [Goat Anti-Mouse IgG H &L conjugated to Horseradish
peroxidase (HRP) (Abcam, UK)] diluted in the region of 2000 fold in TBST. The
membrane was subsequently washed extensively in TBST and incubated in
enzyme marker substrate solution [4-chloro-1-naphthol (Sigma Aldrich) + 30%
H,0; (Sigma Aldrich) added just before use to a final concentration of 0.01%] at
room temperature for 15-30 min or until purple dots appeared at the antigen
antibody complex sites. The nitrocellulose membrane was blotted on paper towel

and washed briefly in 10 mM Tris-CL 150 mM NaCl. The membrane was washed in
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two changes of water and a photo was taken. The membrane was left to dry

overnight by blotting between filter papers.

2.11 Statistical analysis

Statistical analysis was performed using three independent experiments which
were carried out in technical triplicates. For CLSM, three independent
experiments were completed, but each experiment included only one sample for
each treatment and control. However, four different areas of each sample were
imaged to be used as technical replicates. Graphs and tables were produced using
Microsoft Excel or SigmaPlot 14.0 [Systat Software, San Jose, CA, USA]. Statistical
significance was analysed using IBM SPSS Statistics 26. The two-sample t-test was
used to compare the mean values of two groups to determine the significant
difference between the groups. Prior to using the two-sample test, the normality
of the distribution was confirmed by a test of normality. When there were more
than two groups to compare, one-way analysis of variance (ANOVA) and the Tukey
post hoc test were employed. A p-value that is less that 0.05 was considered an

acceptable indication of statistical significance.
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Chapter 3: The effect of NucB on biofilms formed by periodontal
bacteria

3.1 Outline

Previous research indicated that eDNA is important for the adherence and biofilm
formation of several oral bacteria (Das et al., 2011, Li et al., 2012, Schlafer et
al., 2018a, Chen et al., 2019a). Subgingival dental plaque on extracted teeth and
dental implants has recently been shown to contain substantial amounts of eDNA
(Rostami et al., 2017). Therefore, there might be a potential of using DNA
degrading enzymes to reduce subgingival plaque and consequently prevent or
control periodontal disease. The use of simple biofilm models to assess the
importance of eDNA for bacteria in subgingival biofilm can help investigate this

potential.

NucB has emerged as a potent bacterial DNase that could effectively disrupt
various mono and mixed species microbial biofilms (Nijland et al., 2010).This
enzyme has been purified from a marine isolate of Bacillus licheniformis after
the supernatant of this bacteria was found to disperse biofilms. Baslé et al.
(2017) recently investigated the structure and activity of NucB to enhance the
understanding of its antibiofilm properties. The authors found that NucB is a non-
specific endonuclease as both single- and double-stranded DNA can be effectively
digested by the enzyme. NucB could also hydrolyze supercoiled plasmid DNA
which is a topologically complex molecule. These findings might explain the
apparent antibiofilm effect of NucB since biofilm formation usually involves both
single- and double-stranded DNA (Zweig et al., 2014). NucB properties clearly
make it a precise candidate for evolving a potential preventive or therapeutic

system to combat biofilms.

F. nucleatum and P. gingivalis are two important bacteria in the subgingival
biofilm. Both species are frequently isolated from sub-gingival dental plaque of
patients with periodontitis (Socransky et al., 1998). F. nucleatum act as a bridge
between early and late colonizing bacteria of the oral biofilm playing a vital role
in the development of mature dental plaque (He et al., 2012, Brennan and

Garrett, 2019b, Zhang et al., 2019). P. gingivalis has been designated as a
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keystone pathogen which can disrupt the host-microbe homeostasis and initiate
periodontal pathogenicity (Hajishengallis and Lamont, 2016). Currently, there
are no therapeutic interventions that can specifically target such periodontal

pathogens.

Shields et al. (2013) found that biofilms formed by several oral streptococci were
sensitive to treatment by NucB. Recently, Rostami et al. (2017) have reported
that P. gingivalis, among other species, were less abundant in in vitro dental
plaque models grown in the presence of NucB when compared to control biofilms.
P. gingivalis usually enter dental plaque by binding to an initial biofilm formed
by early colonizers such as S. gordonii. Hence, by degrading eDNA, NucB might
be interfering with certain synergistic interactions and thereby, excluding P.

gingivalis from the biofilm.

Confocal laser scanning microscope (CLSM) has been widely used in conjunction
with image analysis software tools to evaluate biofilms. To classify pixels of the
image acquired by CLSM as foreground (biofilm) or background (noise), a cut-off
value or threshold that represents the pixel’s signal intensity is set either
manually or using an automatic method. Recently, a new image analysis software
program called BAIT (biofilm architecture inference tool) was used to quantify
the architecture of in vitro multispecies oral biofilms following treatment with
antibiofilm agents (Luo et al., 2019). BAIT utilizes a novel automatic thresholding
technique developed for confocal fluorescent signal and named the biovolume
elasticity method (BEM). When compared to other methods of thresholding, BEM
was found to calculates lower thresholds thereby minimizing data loss and
preserving low-intensity architecture. Furthermore, BEM has provided the

highest visual and quantitative acuity of single cells (Luo et al., 2018).

This chapter aimed to determine the effect of NucB on F. nucleatum and P.

gingivalis. The objectives to achieve this aim were:

1. To investigate the presence of eDNA in monospecies biofilms of F.
nucleatum

2. To evaluate the effect of NucB on F. nucleatum biofilms.

3. To assess whether P. gingivalis entry into pre-existing biofilms of S.

gordonii can be deterred by NucB.
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3.2 Detection of eDNA in F. nucleatum biofilms using an immunodot
assay.

The presence of eDNA in F. nucleatum biofilms was assessed in a simple
immunodot assay, using 10-fold serial dilutions of supernatants from F.
nucleatum biofilms. eDNA was detected in two independent biofilm extracts as
indicated by a visible purple dot developing at the antigen antibody complex
sites (Figure 3.1). Intracellular DNA extracted from cell pellets of the same
biofilms produced dots of higher colour intensity than those seen with biofilm
supernatant samples. Additionally, DNA was diluted in a dose-dependent manner
in all samples since dots become lighter as the concentration decreased. Lower
concentrations exhibited weakly positive reactions and sometimes no reaction at
all. eDNA could be detected until 1073 dilution of the biofilm supernatant.

Overall, these data demonstrate that eDNA is present in F. nucleatum biofilms.
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Figure 3.1 An immunodot assay for the detection of eDNA in F. nucleaum biofilms.
Supernatants from F. nucleatum biofilms were 10-fold serially diluted and dotted (1
ul) onto nitrocellulose paper. The immunodot test was carried out with anti-ds DNA
monoclonal antibody. Positive reaction is indicated by a purple colour appeared at the
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antigen antibody complex sites. Intracellular DNA (iDNA) extracted from F. nucleatum
biofilms was included a as positive control.

3.3 Purification of eDNA from F. nucleatum biofilms

To further characterize eDNA in F. nucleatum biofilms, eDNA and intracellular
DNA (iDNA) were extracted from 4 days old F. nucleatum biofilms. The purified
eDNA was measured using a Nanodrop 1000 spectrophotometer. The eDNA
extracted was of relatively high purity as indicated by the sharp peak at 260 nm
wavelength and the Azo/A2s0 ratio (Figure 3.2 A). Both eDNA and iDNA were
visualized by 1% agarose gel electrophoresis which showed eDNA as a distinctive
band of high molecular weight, similar in size to intracellular DNA extracted from
cells within the same bacterial biofilm (Figure 3.2 B). eDNA samples varied in

concentrations from 206 ng/ul to 1323 ng/pl.
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Figure 3.2 Extracellular DNA extraction from F. nucleatum biofilms. (A) eDNA was
extracted from F. nucleatum biofilms and measured by NanoDrop spectrophotometry.
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(B) iDNA and eDNA purified from F. nucleatum biofilms were analysed by agarose gel
electrophoresis. Hyperladder 1kb plus was included as a molecular weight marker.

3.4 Measurement of NucB specific activity

Having shown that eDNA is present in F. nucleatum biofilms, the next step was
to assess their sensitivity to NucB. In order to add consistent amounts of NucB to
all experiments, it was important to measure the specific activity of the enzyme.
An essay was devloped to standardize the activity of NucB against calf thymus

DNA, and DNase | was used as as a control.

The specific activity of DNase | enzyme and NucB was measured using
spectrophotometric measurements of calf thymus DNA (CTDNA) digestion
products which are quantitatively solubilised by perchloric acid (Figure 3.3). One
unit was defined as a production of perchloric acid soluble DNA products that
generate an absorbance of 1.0 at 260 nm, per hour at 37°C in 25 mM HEPES pH
8.0, 5mM MnSO4. Since a sample of DNA with an absorbance of 1 at 260 nm (A260)
contains 50 yg DNA ml', one unit of activity is the production of 50 pg of
perchloric acid soluble DNA products per hour at 37°C in 25mM HEPES pH8.0,
5mM MnSO4 using 125 pg of CTDNA. The digestion of 125 pg CTDNA was also
monitored by agarose gel electrophoresis (Figure 3.4). For both enzymes, the
units of activity were calculated using the highest concentration that achieved
maximum degradation of high molecular weight CTDNA into low molecular weight
DNA before the point of saturation (10 pg for DNasel and 10 ng for NucB). For
NucB,10 ng of the enzyme was capable of digesting 125 pg of calf thymus DNA
almost completely in 60 min at 37°C. As 10 ng achieved maximum degradation
of CTDNA before saturation was reached and produced 2x 2.5 absorbance units
of acid soluble product per hour, the mean specific activity of NucB calculated
was 5x10° units mg'. The mean specific activity of DNase | enzyme calculated

was 1.1x103 units mg™'.
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Figure 3.3 Measurement of specific activity of DNase | and NucB enzyme. 125 ug
CTDNA was incubated with a range of concentrations of (A) NucB and (B) DNase | at
37C” for 1 h and the amount of low molecular weight DNA generated was measured
in a spectrophotometer at 260 nm. Points represent mean values from three
independent repeats and errors represent standard error.
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Figure 3.4 Concentration dependent degradation of Calf thymus DNA by NucB. A
range of concentrations of NucB (A) and DNase | (B) were incubated with CTDNA for 60
min at 37°C for 1 h. Samples of the digestion products generated by the enzymes
were separated by agarose (1% w/v) gel electrophoresis and the DNA made visible by
staining with gel red. Hyperladder 1kb plus was included as a molecular weight
marker (M)
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3.5 Testing the sensitivity of F. nucleatum biofilms to NucB

In order to assess the effect of NucB on biofilms of F. nucleatum, a range of NucB
concentrations were incubated with pre-established biofilms. The biofilm
biomass was reduced by more than 50% when biofilms were treated with 100
ng/ml (50 units), and by more than 70% when treated with 500 ng/ml (250 units)
of NucB in comparison to buffer treated controls (Figure 3.5). A statistically
significant reduction in biofilm biomass was observed with all concentrations
used. As a result of these experiments, it was decided to use NucB at a
concentration of 500 ng/ml (250 units) in subsequent experiments of both
dispersal (removal of preformed biofilms) and inhibition (disruption of biofilm
formation). Similar to its effect on the dispersal of preformed biofilms, when
NucB was present during biofilm formation (4 days), the reduction in biofilm

biomass was statistically significant (P< 0.05) (Figure 3.6).
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Figure 3.5 Concentration dependent dispersal of F. nucleatum biofilms by NucB. A
range of concentrations of NucB were incubated with preformed (4 days) F. nucleatum
biofilms at 37°C for 1 h. Biofilms were stained with crystal violet, and the biofilm
biomass was quantified by measuring A570. Bars represent mean values from three
independent experiments and errors represent standard error. Statistical significance
was calculated with One-way ANOVA with Tukey’s Test (* p<0.05).
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Figure 3.6 The inhibition and dispersal of F. nucleatum biofilms by NucB. NucB 0.5
ug/ml was either included with the growth media and inoculum during biofilm
formation (inhibition) or used to treat performed biofilms of F. nucleatum
(dispersal). (A) Biofilms were stained with crystal violet, and the biofilm biomass was
quantified by measuring A570. Points represent three independent repeats and error
bars represent standard error. Statistical significance was calculated using the two-
sample t-test. (B) F. nucleatum biofilms inhibition and dispersal were visualised by
staining with crystal violet.
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3.6 Imaging analysis of NucB effect on F. nucleatum biofilms

In this section, confocal microscopy was used to visualize the effect of NucB on
F. nucleatum biofilm architecture, and the images were quantified using a novel
image analysis software program called BAIT (Biofilm Architecture Inference
Tool) (Luo et al., 2019).

3.6.1 The inhibitory effect of NucB on F. nucleatum biofilms
architecture

To evaluate the inhibitory effect of NucB on the architecture of F. nucleatum
biofilms, biofilms were cultured on glass coverslips in the presence of 0.5 ug/ml
NucB and compared to control biofilms which were grown without NucB. Biofilms
grown in the presence of NucB looked sparse in comparison to control biofilms,
but biofilm cells were distributed uniformly over the slide surface. Control
biofilms were extensive, and clusters of loosely attached cells can be clearly seen
at the top of these biofilms (Figure 3.7). BAIT was used to quantify the effects
of NucB by measuring certain biofilm architectural parameters from biofilms
cultured with NucB and comparing them to controls. These parameters were
biovolume (number of voxels), surface area and total number of objects. All
biofilm outcomes measured were significantly reduced by the presence of NucB
during biofilm formation (P <0.05). The control biofilm images measured an
average of 3.27 x 107 voxels, while NucB biofilm images measured 1.97 x 107
voxels (40% reduction). The most notable difference measured was in the total
objects detected, where there were about 70% fewer objects in NucB-treated
than in control biofilms. Similarly, NucB caused a 50% reduction in the surface
area which is defined as the sum of all biofilm voxel surfaces that are exposed
to the liquid phase or substratum. It should be noted here that the outputs
produced by BAIT are unitless as they refer to a number of either voxels, surfaces

or objects.
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m Control average (SE) NucB average (SE) “

Biovolume 3.27x 107(3.72 x 10°9) 1.97 x 107 (4.61 x 10°) 0.01*
Number of objects 8.60x 10*(4.42x10%) 2.67x10%(7.30x10%)  <0.001*

Surface area 4.78x 107 (1.35x10°)  2.32x107(4.33 x 109) 0.001*

Control

Figure 3.7 Quantification of F. nucleatum biofilms grown in the presence of NucB.
F. nucleatum biofilms were cultured on glass coverslips for 4 days in the presence of
NucB. The biofilms were then incubated with SYTO 9 stain for 15 minutes, before
CLSM image acquisition. Images were obtained using 3D imaging software (Las X) and
quantified using BAIT software. The table shows data (means) derived from imaging of
four randomly selected areas on the coverslip from three independent experiments.
Statistical significance was calculated with the two-samples t-test with p < 0.05
considered statistically significant. SE= standard error.
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3.6.2 The effect of NucB on the architecture of preformed biofilms
To quantify the effect of NucB on the architecture of preformed biofilms, 0.5
pg/ml of NucB was incubated with 4 days old biofilms for 1 hour. Biofilms treated
with NucB were much thinner than untreated controls and consisted of sparse
single or double layer of cells (Figure 3.8). Control biofilms were extensive and
dense covering the whole surface of the slide, and cells reached up to 100 pm in
comparison to a maximum height of only 8 um in case of NucB treated biofilms.
BAIT analysis showed that treatment with NucB reduced all the measured biofilm
architecture outcomes. In contrast to inhibition experiments where the
maximum effect of NucB was on the number of objects detected, there was no
significant difference in the total number of objects between control and NucB
treated biofilms (P = 0.05). Although the difference was not statistically
significant, the average number of objects detected in images of treatment
biofilms was about 5-fold less than those of control biofilms. Biofilms treated
with NucB showed a significant reduction in both biovolume and surface area (P<
0.05). The average number of voxels measured for NucB biofilms images were
80% less than those measured for control biofilms matching what was observed
visually in the images. A comparable reduction was seen in the surface area of
NucB treated biofilms which had about 85% less surface area than untreated

controls.

54



m Control average (SE) NucB average (SE) m

Biovolume 4.34x107 (7.62 x10°) 7.55x10°(4.24x10%) 0.015*
Number of objects  3.34x 104 (8.27 x10%)  6.66 x 103 (5.25 x103) 0.05

Surface area 3.47x107 (755x10%) 5.12x105(1.24x10%) 0.01*

Z (pm) D“

05

Figure 3.8 NucB effect on the architecture of preformed F. nucleatum biofilms. F.
nucleatum biofilms were cultured on glass coverslips for 4 days and then treated with
NucB for 1 h. Biofilms were incubated with SYTO 9 stain for 15 minutes before CLSM
image acquisition. Images were obtained using 3D imaging software (Las X) and
quantified using BAIT software. The table shows average data derived from imaging of
four randomly selected areas on the coverslip from three independent experiments.
Statistical significance was calculated with the two-samples t-test with p < 0.05
considered statistically significant. SE= standard error.
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3.7 F. nucleatum biofilm formation in a microfluidic biofilm system

The previous sections showed the effect of NucB on static F. nucleatum biofilms.
To assess the effect of the enzyme on biofilms developed under more
physiologically relevant conditions, attempts were made to grow the biofilms in
a microfluidic biofilm platform. F. nucleatum cells were seeded into the channels
of a Bioflux 48-well plate and brightfield images were taken over 24 h of
incubation to monitor the biofilm growth. Although cells were capable of
adhesion and attachment, biofilm formation was not observed in any channel
despite several attempts of optimising the bacterial inoculum concentration and
media flow rate. It is worth mentioning that other oral bacteria such as S.
gordonii were able to form biofilms inside the same Bioflux, indicating that the
observed result was specific to F. nucleatum. This could be due to the inability
to keep the growth conditions anaerobic as required for this species. Although
the system was supplied by an anaerobic gas mixture, the experiment involved
frequent removal of the plate from the Bioflux chamber, which could cause

oxygen leakage into the system.

3.8 Establishing a dual species biofilm model to assess the effect of
NucB on P. gingivalis entry into pre-existing biofilms.

Previous results by our group showed that P. gingivalis appear to be sensitive to
NucB enzyme during biofilm formation. In this section, a mixed-species biofilm
model made up of S. gordonii and P. gingivalis was employed to test this

hypothesis.

3.8.1 Cultivation of mono-species biofilms of P. gingivalis
In order to decide which P. gingivalis strain to use, the biofilm formation ability
of several strains was assesses using crystal violet assay. None of the P. gingivalis
strains produced robust monospecies biofilms. Table 3.2 shows the absorbance

values readings (A570):
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Table 3.2 The absorbance values (A570) for monospecies biofilms of P. gingivalis
strains after staining with crystal violet.

A570 0.112 0.163 | 0.132 0.163 | .064

3.8.2 Developing a qPCR method to enumerate S. gordonii and P.
gingivalis in a dual species biofilm.

In order to quantify individual species in a mixed species biofilm, a qPCR assay
was developed using pure DNA template containing the target sequence for the
PCR primers and probe sets. The target DNA for S. gordonii and P. gingivalis had
already been cloned in the pCR2.1 vector, labelled as plasmids pTOPO-Sg and
pTOPO-Pg, respectively. Therefore, the first step was to extract these plasmids
from E. coli. This DNA could then be used to prepare dilutions and to generate a
standard curve for gqPCR quantification of bacterial species within the mixed
species biofilm. The plasmids were extracted from E. coli using a QiaPrep kit and
eluted in 50 pl Buffer EB (10 mM Tris Cl, pH 8.5). Plasmid samples were visualised

by 1% agarose gel electrophoresis (Figure 3.9).

M Sg Pg

12kbp «—

0.25kbp «—
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Figure 3.9 Agarose gel electrophoresis of P. gingivalis (Pg) and S. gordonii (Sg)
plasmids. Several bands were seen as it is expected with undigested plasmids.
HyperLadder 1kb plus was used as a molecular weight marker (M).

3.8.3 PicoGreen assay to measure plasmid DNA concentration.
In order to accurately measure the DNA concentration of the extracted plasmids,
the concentrations were determined using the PicoGreen double stranded DNA
assay kit (Life Technology) following the manufacturer’s instructions. A
PicoGreen standard curve was generated using Lambda DNA (Figure 3.10). The
molecular weight of each plasmid was known, and it was therefore possible to
calculate the concentrations of plasmid DNA in terms of the number of molecules
present in a unit volume. The plasmid concentrations were: 9.62 x 10

molecules/pl for S. gordonii and 1.23x10'* molecules/pl for P. gingivalis.

y=37.527x+311.51
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Figure 3.10 PicoGreen standard curve to measure the concentration of P. gingivalis
and S. gordonii plasmids DNA. The equation of the curve (shown on the graph) was
used to calculate the unknown concentrations of plasmid DNA.
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3.8.4 Extraction of chromosomal DNA of P. gingivalis and S. gordonii
DNA was extracted from planktonic cultures of P. gingivalis and S. gordonii using
the same method (see Materials and Methods) to ensure that one method can be
used later to extract DNA of both species from a dual-species biofilm. Samples
were visualised by 1% agarose gel electrophoresis. DNA extracted from both
species appeared as destinctive and sharp band of high molecular weight (Figure
3.11).

12kbp

0.25kbp

Figure 3.11 Gel electrophoresis of DNA extracted from P. gingivalis (Pg) and S.
gordonii (Sg) planktonic cultures. HyperLadder 1kbp plus was used as a molecular
weight marker (M).

3.8.5 gPCR optimisation
Standard curves were developed using ten-fold serial dilutions of plasmid DNA
(Figure 3.12 A, Figure 3.13 A). Figures 3.12 B and 3.13 B, show the real-time
reaction amplification plots which correlate the fluorescence signal with the PCR
cycle number. The amplification plot consists of a baseline, exponential, linear
and plateau phase. A threshold value is set amid the exponential phase and at a
level sufficient to distinguish relevant amplification signals from the background
noise. The cycle number at which the fluorescence signal of the reaction crosses
the threshold value is known as the quantification cycle or threshold cycle (Ct).
The concentration of the DNA standards was plotted against the corresponding

threshold cycle (Figure 3.12 A, Figure 3.13 A) and it was therefore possible to
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calculate the unknown concentrations of P. gingivalis and S. gordonii DNA
extracted from the biofilm. For S. gordonii, the primer target was a restriction
endonuclease fragment (standard gene), present at a single copy in the
chromosome. However, in the case of P. gingivalis, the 16S rRNA gene was used
as a target. There are four copies of the 16S rRNA gene per genome of P.

gingivalis, and therefore, corrections were made for copy nhumber.

The gPCR reaction efficiencies were 94.7% for S. gordonii and 96.44% for P.
gingivalis indicating that the reaction was working well. The amplified plasmid
fragments were run on 1% agarose gels to check the size of each amplicon. The
amplified fragments were of the expected sizes: 96 bp for S. gordonii, and 83 bp

for P. gingivalis (Figure 3.14).
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Figure 3.12 gPCR optimisation for S. gordonii (A) a standard curve of ten-fold serial
dilutions of pTOPO-Sg plasmid standards. DNA concentration is plotted against threshold
cycle [CT]. (B) gPCR amplification plot for pTOPO-Sg plasmid standards. Fluorescence
signal is plotted against PCR cycle number. A threshold is set in the exponential phase
of the amplification plot to distinguish relevant amplification signals from the
background noise (horizontal grey line).
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Figure 3.13 qPCR optimisation for P. gingivalis (A) standard curve of ten-fold serial
dilutions of pTOPO-Pg plasmid standards. (B) gPCR amplification plot for pTOPO-Pg
plasmid standards. Fluorescence signal is plotted against PCR cycle number.
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Figure 3.14. Agarose gel electrophoresis of S. gordonii (pTOPO-Sg) and P. gingivalis
(pTOPO-Pg) amplified plasmids fragments. The size of gPCR amplified targets was as
expected: pTOPO-Sg 96bp, pTOPO-Pg 83 bp. No amplification was seen in the negative
controls (C). MassRuler Ladder was used as a molecular weight marker (M).

3.8.6 Sensitivity of P. gingivalis to NucB in a dual species biofilm
model

Having optimised qPCR methods to quantify P. gingivalis and S. gordonii within
the dual species biofilm model, it was possible to determine whether NucB can
prevent P. gingivalis from entering preformed biofilms of S. gordonii. P.
gingivalis and NucB were added to 24-h old biofilms of S. gordonii and the
biofilms were grown for additional 20 h. DNA was extracted from the biofilms
and both species were quantified as mentioned above. As can be seen in Figure
3.15, there was no significant difference (P > 0.05) in P. gingivalis numbers
between NucB treated and untreated biofilms. Similar results were observed for
S. gordonii numbers within the treatment and control biofilms. Additionally,
there were much more S. gordonii than P. gingivalis cells (approximately 4000:1)

in all biofilms.
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Figure 3.15 Effects of NucB on numbers of S. gordonii and P. gingivalis cells in a
dual species biofilm. S. gordonii biofilms were grown for 24 h before adding NucB and
P. gingivalis. Dual-species biofilms were grown for 20 h and bacterial cells/mm? were
quantified by gPCR. Bars represent means (+ SD) from four independent experiments.
The graph shows no significant differences in the number of P. gingivalis or S. gordonii
between NucB and control biofilms.
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3.9 Discussion

Significant amounts of eDNA were obtained from F. nucleatum biofilms
suggesting that eDNA is a major component in the biofilm matrices of these
species. However, the Nanodrop Spectrophotometer does not specifically
measure double stranded DNA as other molecules that absorb or scatter UV light
at 260 nm wavelength such as RNA are also measured. Hence, the eDNA
concentration measured might be partially due to RNA and other contaminants
present in the sample. Using a PicoGreen assay to quantify the purified eDNA
could give a more accurate measurement of the level of eDNA in the biofilms,
since PicoGreen is specific for double stranded DNA (Singer et al., 1997, Dragan
et al., 2010). The eDNA purified from F. nucleatum biofilms was of high
molecular weight as shown with agarose gel electrophoresis. The results of this
study are different from the only other study that measured eDNA in F.
nucleatum biofilms where much lower concentrations and smaller size of eDNA
in biofilms of the same strain of F. nucleatum were reported (Ali Mohammed et
al., 2013). The biofilms here yielded up to1300 ng/ul of high molecular weight
eDNA compared to the 25 ng/pl and 100 bp reported by Ali Mohammed et al.
These contrasting results could be due to different culture conditions or different
methods of eDNA extraction. First, the growth medium in the reported study was
peptone based medium supplemented with hemin, while the biofilms in this
project were cultured in brain heart infusion broth supplemented with sodium
glutamate. Second, phenol-chloroform extraction was employed to obtain eDNA
in this project, while Ali Mohammed et al used Fast DNA spin kit which involve
completely different reagents and protocol. eDNA extraction requires biofilms
to be harvested by scraping which could cause cell lysis and consequently leakage
of intracellular DNA into the sample. Previous work in our group has measured
the release of the intracellular enzyme lactate dehydrogenase in scraped biofilm
samples and showed that scraping does not result in substantial cell lysis (Jamal
Akhil’s MClinDent thesis). Yuan et al. (2019) has recently used magnetic beads to
extract eDNA from wastewater treatment plant and found this method superior
to other methods at separating eDNA from intracellular DNA. In the future, this

method could be employed to obtain a cleaner eDNA from microbial biofilms.
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The units of activity generated by 1 mg of the NucB preparation used in this study
were about 500 times of those produced by 1 mg of DNase |. Previously, the
antibiofilm activity of NucB was compared to that of DNase | and it was found
that the full dispersal of B. licheniformis biofilms requires 5 times higher DNase
| than NucB w/v concentrations (Nijland et al., 2010). These results do not seem
to be consistent with the mean specific activity measured for both enzymes in
this thesis as NucB exhibited 500x more DNase activity, but only 5x more biofilm
dispersal activity than DNase I. The discrepancy observed could be attributed to
a structural difference between eDNA present in the bacterial biofilms and the
DNA substrate digested by the enzyme in the activity assay. Measuring the
specific activity of NucB using a robust assay can ensure that the same amount
of activity is added in each experiment. However, this assay should be repeated
regularly (ideally before starting a new group of experiments) to detect and make

corrections for any drop in the activity during storage of the enzyme.

Previous investigations into the sensitivity of biofilms to DNase enzymes found
that mature biofilms are somewhat resistant to DNase treatment (Whitchurch et
al., 2002, Qin et al., 2007, Hall-Stoodley et al., 2008, Seper et al., 2011, Barnes
et al., 2012, Peng et al., 2020b). In this work, however, 0.5 pg/ml NucB was
sufficient to inhibit biofilm development as well as disperse 4 days old biofilms
of F. nucleatum. Ali Mohammed et al. (2013) tested the sensitivity of F.
nucleatum biofilms to DNase | and found that the biofilms were not inhibited or
dispersed even when 1 mg/ml of DNase | was used. Together, these results
support the notion that NucB has a superior antibiofilm activity over DNase |I.
Nevertheless, it might be difficult to compare different enzymes without using
equal units of activity with exactly the same substrate. The low quantity and
small size of eDNA produced within the biofilm matrices of Mohammed et al

(2013) could also be behind the low sensitivity of their biofilms to DNase I.

Crystal violet staining has lots of limitations as a method of biofilm
quantification, and therefore, its results must be supported by more reliable
methods such as microscopy. Confocal laser scanning microscopy confirmed the
significant inhibitory and dispersal effects of NucB observed with crystal violet
staining. BAIT has recently been introduced by Luo et al. (2019) as a software

programme that can provide rapid quantification of biofilms imaged with CLSM.
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The parameters measured by BAIT represent the architectural aspects of the
biofilms, and thus, can be utilized to assess how a treatment affect biofilms. In
this study, NucB clearly altered the architecture of F. nucleatum biofilms when
it was either present during the biofilm formation or added to pre-established
biofilms. NucB significantly reduced the biovolume of developing or preformed
F. nucleatum biofilms. Biovolume is defined as the number of voxels and it
represents the bioburden of a biofilm, hence, the biovolume decreases as the
biofilm growth is reduced. The measured biovolume reduction due to the
presence of NucB during biofilm formation appear to be far less than the decrease
in the biofilm growth observed in the images. The opposite was reported by Luo
et al. (2019), where BAIT detected changes in the biofilm architecture that were
not visible in the images. However, this observation was related to parameters
other than the biovolume, hence, BAIT may have different sensitivity levels for
different parameters of the biofilm architecture. An object is defined by BAIT as
the sum of voxels that are connected to each other, and hence the total number
of objects is an estimate of biofilm fragmentation. The lower the number of
objects detected, the more increased the fragmentation. Although the
difference in the total objects detected between biofilms developed with and
without NucB was not statistically significant, the visual comparison of the
images indicates that control biofilms were much more compact than NucB
treated biofilms. Hence, the presence of NucB during or after F. nucleatum
biofilm formation seems to increase biofilm fragmentation. Increasing biofilm
fragmentation is suggested to reduce the average diffusion distance, and
consequently, facilitate the transfer of solutes within the biofilm (Yang et al.,
2000, Battin et al., 2003). This effect could be of importance in improving the
diffusion of oral healthcare agents and penetration of biofilms by antimicrobials.
NucB also caused F. nucleatum biofilms to have less surface area when compared
to control biofilms. The surface area of a biofilm reflects the number of biofilm
cells exposed to the bulk-liquid phase. Changes in surface area of the biofilm are
likely to have implications on the physiology of the biofilm as exposed biofilm
cell layers usually show greater metabolic activity than cells in the biofilm centre
(Okabe et al., 1996, Neu and Lawrence, 1997, Werner et al., 2004, Rani et al.,

2007, Bester et al., 2011). Also, the decrease in the surface area of the biofilm
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might lessen the uptake of nutrients from the bulk-liquid (Battin et al., 2003).
Overall, NucB could reduce not only the bioburden of the biofilms, but also
change the biofilm architecture in a way that might render the biofilm
physiologically less active and more susceptible to both antimicrobials as well as

oral healthcare products.

P. gingivalis is strongly implicated in the initiation and progression of
periodontitis, and therefore, the ability of excluding or removing them from the
subgingival biofilm should allow for the change of the composition of the biofilm
towards a healthy periodontal state. Identifying ways to inhibit the entry and or
persistence of P. gingivalis in the dental biofilm could present a potential
intervention that can prevent or reduce the severity of periodontitis. In this
study, the presence of NucB when adding P. gingivalis to preformed biofilms of
S. gordonii did not reduce the numbers of P. gingivalis within the resultant two
species biofilm. These results suggest that eDNA does not play a role in the
attachment of P. gingivalis to pre-existing biofilms of S. gordonii. Also, it appears
that eDNA is not important for the persistence of P. gingivalis in the biofilm as
20 hour incubation with NucB was not sufficient to release P. gingivalis from the
biofilm. In contrast to the results here, a previous study has shown that in vitro
dental plaque models cultured in the presence of NucB comprise much less P.
gingivalis than controls (Rostami et al., 2017). However, it might not be possible
to compare the results of the two studies since the experimental approach was
totally different. The experiment here was performed on a simple two species
biofilm composed of S. gordonii and P. gingivalis, whereas the reported study
employed a complex multispecies biofilm model which would involve unlimited
interbacterial interactions. In this current study, the eDNA targeted by NucB is
mainly produced by S. gordonii considering that S. gordonii have already formed
a biofilm before NucB and P. gingivalis were added, and the eventual two species
biofilm also consists predominantly of S. gordonii. S. gordonii produces an
extracellular DNase that might digest some or all the eDNA released during the
biofilm formation. Thus, it is possible that there were not substantial amounts of
eDNA present in the biofilm when P. gingivalis were introduced, and therefore,
the attachment of P. gingivalis to S. gordonii biofilms was not eDNA dependent.

Instead, other well-known species-specific interactions might have taken place
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between P. gingivalis and S. gordonii (Daep et al., 2008, Roky et al., 2020).
Furthermore, eDNA could be shielded from NucB by binding to DNABII proteins
which were shown to stabilize the complex structure of eDNA in many biofilms
(Goodman et al., 2011, Gustave et al., 2013, Novotny et al., 2013, Devaraj et
al., 2015, Rocco et al., 2017).This hypothesis is further supported by the recent
observation that antibodies derived against DNABII proteins of P. gingivalis
inhibited the attachment of these bacteria to preformed S. gordonii biofilms and
disrupted the biofilm structure (Rocco et al., 2018). It is also noted here that
NucB did not release S. gordonii from the biofilm. This result again is evidence
that eDNA is not a major component in S. gordonii biofilms matrices or that it is
bound to DNABII proteins. To provide a clearer insight into the dependence of P.
gingivalis on eDNA for attachment and persistence, further investigations using

models that involve early colonizing bacteria other than S. gordonii are required.
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Chapter 4: Characterizing a Streptococcus gordonii
deoxyribonuclease (SsnA)

4.1 Outline

As it has been shown by previous studies, and in this thesis, biofilms formed by
oral bacteria are sensitive to treatment by exogenous DNases such as NucB.
Several oral bacteria including S. gordonii were found to produce extracellular
DNases (Palmer et al., 2012), however, the role of these DNases within the oral
biofilm is not yet clear. In particular, it is unknown whether DNases naturally
present in dental plaque have biofilm reducing effects on oral species.
Understanding the natural role of theses DNases could lead to the development

of strategies to modulate them for biofilm control.

The extracellular DNase of S. gordonii DL1 was identified as a LPxTG cell wall
surface protein and was subsequently termed SsnA (streptococcal secreted
nuclease) (Robert Shields, PhD thesis). The production of extracellular DNases
appears to be common among pathogenic streptococci such as Streptococcus suis
(Fontaine et al., 2004), Streptococcus pyogenes (Hasegawa et al., 2010),
Streptococcus pneumoniae (Beiter et al., 2006) and Streptococcus agalactiae
(Derré-Bobillot et al., 2013). Pathogenic bacteria mainly use their DNases to
degrade the DNA backbone of NETs and facilitate the escape from Kkilling or
entrapment by neutrophils (Derré-Bobillot et al., 2013, de Buhr et al., 2014).
However, S. gordonii exists as a part of the commensal flora of the oral cavity
and it is involved in early colonization therefore, it is unlikely that the escape

from NETSs is the primary function of SsnA.

S. gordonii plays a major role in the formation of the early plaque as well as the
subsequent mature polymicrobial biofilm. For instance, S. gordonii enhances the
growth of some other commensals in the dental biofilm such as Veillonella spp.
(Egland et al., 2004), while they compete with the cariogenic bacteria S. mutans
(Wang and Kuramitsu, 2005, Kreth et al., 2008a, Zhuang et al., 2018, Chen et
al., 2019b). There is also increasing evidence that S. gordonii could contribute
to pathogenicity by exerting synergistic interactions with some pathogenic

species such as Aggregatibacter actinomycetemcomitans and P. gingivalis
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thereby directing the development of pathogenic oral biofilm community
(Hajishengallis and Lamont, 2016, Bowen et al., 2018). Considering the role S.
gordonii plays in shaping the oral biofilm composition, SsnA might be utilized to

enhance this role by dispersing biofilms of eDNA dependent oral species.

In the previous chapter, F. nucleatum cells were sensitive to NucB indicating
their dependence upon eDNA for biofilm formation and stability. F. nucleatum
acts as a bridging organism between early and late colonizers of the dental
biofilm, and hence, typically interacts with S. gordonii. Therefore, S. gordonii
SsnA might be involved in the disruption of biofilms of F. nucleatum. This chapter
aims to investigate the effect of SsnA on biofilms of F. nucleatum and

characterize its DNase activity.
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4.2 Testing the sensitivity of F. nucleatum biofilms to SsnA

To evaluate the inhibitory effect of SsnA on F. nucleatum biofilms, SsnA (5 pg/ml)
was included with the growth media during the biofilm formation. To test
dispersal, 5 pg/ml SsnA was added to 4 days old biofilms of F. nucleatum. The
biomass of biofilms grown in the presence of SsnA was about 50% less than that
of control biofilms. While a statistically significant reduction in the biofilm
biomass was observed in case of inhibition (P< 0.05), SsnA had no effect on the

dispersal of preformed biofilm (Figure 4.1).
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Figure 4.1 The antibiofilm activity of SsnA against F. nucleatum biofilms. SsnA (5
ug/ml) was either included with the growth media and inoculum during biofilm
formation (4 days) or used to treat 4 days old performed biofilms of F. nucleatum. (A)
Biofilms were stained with crystal violet and the biofilm biomass was quantified by
measuring Asz. Bars represent three independent repeats and error bars represent
standard error. Statistical significance was calculated using the two-sample t-test. (B)
F. nucleatum biofilm inhibition and dispersal were visualised by staining with crystal
violet.
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4.3 Imaging analysis of SsnA effect on F. nucleatum biofilms

In this section, confocal laser scanning microscopy was used to visualise the
effect of SsnA on F. nucleatum biofilm architecture, and the images were

quantified using BAIT (Biofilm Architecture Inference Tool) (Luo et al., 2019).

4.3.1 The inhibitory effect of SsnA on the architecture of F. nucleatum
biofilms

To determine whether the presence of SsnA during biofilm formation affects the
architecture of F. nucleatum biofilms, biofilms were cultured on glass coverslips
in the presence of 5 pg/ml SsnA, and the biofilm architecture was compared to
that of biofilms grown without SsnA. Biofilms cultured in the presence of SsnA
were much thinner than control biofilms, and the biofilm showed irregular
thickness across the slide surface (Figure 4.2). In the absence of SsnA, biofilms
grew extensively with cells projecting up to 120 ym, whereas the maximum
height for SsnA-treated biofilms was about 45 pm. Clusters of loosely attached
cells can be clearly observed at the top of both SsnA-treated and control biofilms.
BAIT was used to quantify the effect of SsnA on the biofilms’ architecture by
measuring biovolume (number of voxels), surface area and total number of
objects from biofilms cultured with and without SsnA. Whilst the visual inspection
of the images shows SsnA biofilms to be about 3 times thinner than control
biofilms, the biovolume measured was not significantly reduced by the presence
of SsnA during biofilm formation. The total number of objects and surface area
of the biofilms were both significantly reduced by SsnA, where the presence of
SsnA during biofilm formation caused 70% and 50 % reduction in the total objects
detected and surface area, respectively. This indicates that SsnA increased

biofilm fragmentation and reduced its surface area.
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m Control average (SE) SsnA average (SE) m

Biovolume 3.27x 107 (3.72x 10%) 1.97 x 107 (4.61x 106) 0.09
Number of objects  8.60 x 10* (4.42x 103) 2.67x10* (7.30x10%)  <0.001*
Surface area 2.32 x107(4.33 x10) 0.001*

4.78x 107 (1.35x 10°)

Figure 4.2. Quantification of the inhibitory effect of SsnA on the architecture of F.
nucleatum biofilms by Confocal laser scanning microscopy. F. nucleatum biofilms
were cultured on glass coverslips for 4 days in the presence of 5 ug/ml SsnA. The
biofilms were then incubated with SYTO 9 stain for 15 minutes, before CLSM image
acquisition. Images were obtained using 3D imaging software (Las X) and quantified
using BAIT software. The table shows data (means) derived from imaging of four
randomly selected areas on the coverslip from three independent experiments.
Statistical significance was calculated with the two-samples t-test with p < 0.05
considered statistically significant. SE = Standard Error
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4.3.2 The effect of SsnA on the architecture of preformed biofilms

To quantify the effect of SsnA on the architecture of preformed biofilms, 5 pg/ml
of SsnA was incubated with 4 days old biofilms of F. nucleatum for 1 hour. In
contrast to inhibition experiments, both SsnA treated and control biofilms were
extensive and dense, covering the whole surface of the slide. Very little
difference was observed in the thickness of biofilms (Figure 4.3). BAIT analysis
also showed no significant difference in any of the measured architecture
parameters between control and SsnA treated biofilms suggesting that incubation

of preformed biofilms with SsnA did not change the architecture of the biofilms.

m Control average (SE) | SsnA average (SE) m

Biovolume 1.17x 108 (4.41x107) 1x108(3.14x107) 0.7
Number of objects  7.76x 10* (4.88 x 10*) 1.33x10°(6.1x10%) 0.5

Surface area 9.22x107(3.59 x107) 8.78x 107 (4.04x 107) 0.9

Control
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80
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Figure 4.3 The effect of SsnA on the architecture of preformed biofilms of F.
nucleatum. F. nucleatum biofilms were cultured on glass coverslips for 4 days and
treated with 5 ug/ml SsnA for 1 hour. The biofilms were then incubated with SYTO 9
stain for 15 minutes, before CLSM image acquisition. Images were obtained using 3D
imaging software (Las X) and quantified using BAIT software. The table shows data
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(means) derived from imaging of four randomly selected areas on the coverslip from
three independent experiments. Statistical significance was calculated with the two-
samples t-test with p < 0.05 considered statistically significant. SE = Standard Error.

4.4 The activity of SsnA against calf thymus DNA

The previous section showed that SsnA could inhibit biofilm formation but not
disperse preformed biofilms. This contrasts with the antibiofilm effect observed
for NucB in the previous chapter where developing and preformed biofilms were
both disrupted by NucB. To investigate the enzymatic activity of SsnA in
comparison to NucB, the DNase activity of both enzymes was assessed in vitro
against a commercially available high molecular weight DNA substrate, calf
thymus DNA.

4.4.1 Time course degradation of calf thymus DNA by SsnA
To compare the DNA degrading activity of SsnA and NucB, 125 pg calf thymus DNA
was incubated with 10 ng/ml SsnA or NucB at 37°C over a 10-60 min time frame.
Tris was used as a buffer in SsnA experiments, whereas for NucB the reaction
buffer was HEPES. Ideally, the two enzymes should have been compared using
the same buffer, however, Tris was not compatible with the high concentrations
of manganese required for NucB s optimal activity. Therefore, HEPES was used
as an alternative. The use of Tris as a buffer for SsnA was continued to keep
conditions consistent with previous experiments. When the digestion of Calf
thymus DNA was monitored by agarose gel electrophoresis (Figure 4.4), the bands
corresponding to the high molecular weight substrate were not reduced by SsnA
even after 60 min of incubation, while NucB showed partial digestion of the calf
thymus DNA at 10 min, and was capable of digesting the calf thymus DNA almost
completely by 60 min. The activity of SsnA and NucB was also assessed by
spectrophotometric measurement of the calf thymus DNA digestion products that
are quantitatively solubilised by perchloric acid (Figure 4.5). SsnA demonstrated
no detectable degradation of high molecular weight calf thymus DNA into low
molecular weight DNA fragments at any timepoint. In contrast, more than 25 %

of the 125 pg high molecular weight DNA was digested by NucB after 60 min. The
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amount of calf thymus DNA degraded by NucB at 60 min of incubation was

significantly greater than that measured for control (P<0.05).
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Figure 4.4 Gel electrophoresis of the digestion products of CT DNA by SsnA. 10
ng/ml SsnA or NucB was incubated with 125 ug calf thymus DNA at 37°C for (10,
20 and 60 min). The reaction buffer for NucB consisted of 25 mM HEPES (pH 8.0)
and 5 mM MnSO4. For SsnA, the reaction buffer contained 25 mM Tris (pH 8.0),
40 uM EDTA and 80 uM MgClz.Samples of the digestion products generated by
the enzymes were separated by agarose (1% w/v) gel electrophoresis.
Hyperladder 1kb plus was included as a molecular weight marker (M).
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Figure 4.5 The activity of SsnA and NucB against Calf thymus DNA over time. 125 ug
calf thymus DNA was incubated with a 10 ng/ ml of SsnA or NucB at 37°C, and the amount
of low molecular weight DNA generated was measured in a spectrophotometer at 260
nm after 10, 20 and 60 min of incubation. The reaction buffer for NucB consisted of 25
mM HEPES (pH 8.0) and 5 mM MnSO.. For SsnA, the reaction buffer contained 25 mM
Tris (pH 8.0), 40 uM EDTA and 80 uM MgClz. Bars represent mean values from three
independent repeats and errors represent standard error.

4.4.2 Effects of SsnA concentration on the degradation of calf thymus
DNA

To determine whether higher concentrations of SsnA could digest calf thymus
DNA, varying concentrations of SsnA were incubated with 125 pg calf thymus DNA
for 60 min. Agarose gel electrophoresis of the digestion products showed
distinctive and bright bands of high molecular weight DNA with all SsnA
concentrations. Conversely, all concentrations of NucB achieved total digestion
of calf thymus DNA as highlighted by the absence of any visible DNA fragments
(Figure 4.6). No influence on DNA degradation activity of SsnA was observed in
the semi-quantitative analysis, even when concentrations increased up to 5
pg/ml (Figure 4.7). In contrast, about 70% of the calf thymus DNA was digested

with concentrations as low as 0.1 pg/ml of NucB.
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Figure 4.6 The effect of SsnA concentration on degradation of calf thymus DNA.
125 ug calf thymus DNA was incubated with a range of concentrations of SsnA or NucB
at 37C° for 1 hour. The reaction buffer for NucB consisted of 25 mM HEPES (pH 8.0)
and 5 mM MnSO.. For SsnA, the reaction buffer contained 25 mM Tris (pH 8.0), 40 uM
EDTA and 80 uM MgClz.Samples of the digestion products generated by the enzymes
were separated by agarose (1% w/v) gel electrophoresis. Hyperladder 1kb plus was
included as a molecular weight marker (M).
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Figure 4.7 Concentration dependent activity of SsnA and NucB against calf thymus
DNA. 125 ug calf thymus DNA was incubated with a range of concentrations of SsnA or
NucB at 37°C for 1 h, and the amount of low molecular weight DNA generated was
measured in spectrophotometer at 260 nm. Bars represent mean values from three
independent repeats and errors represent standard error.

4.5 The activity of SsnA against an Oligonucleotide probe

SsnA showed no degradation activity against calf thymus DNA which is primarily
double stranded. To investigate the DNA degradation activity of SsnA against
single stranded DNA, an oligonucleotide probe was used as a substrate and
Forster resonance energy transfer (FRET) assay was employed (see Materials and
Methods). NucB was also included to assess its activity against this single stranded
substrate in comparison to SsnA. The degradation of the oligo probe was detected
by an increase in fluorescence signal and fluorescence versus enzyme
concentration curves were produced. The change in fluorescence was initially
measured over 30 min (Figure 4.8). This revealed that most of the reaction has
occurred by 0 time point in nearly all cases, and that there was little decrease

in fluorescence over the 30 minutes. Also, the fluorescence produced by the
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lowest NucB concentrations continued to increase up to 30 minutes. Therefore,

a single 30-minute time point was used to measure the activity (Figure 4.9).

NucB demonstrated superior DNase activity over SsnA until a concentration of 0.5
pg/ml where NucB capability to degrade the probe started to drop, and SsnA
activity continued to rise. Surprisingly, NucB activity was dramatically inhibited
by concentrations higher than 1 pg/ml. Whilst SsnA achieved maximum
degradation of the probe at > 2.5 pyg/ml, the observed DNase activity for NucB
was maximum at much lower concentration (0.5 pg/ml). However, when
comparing the activity of both enzymes at the points of maximum DNA

degradation, SsnA showed significantly higher activity than NucB (P < 0.05).
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Figure 4.8 Forster resonance energy transfer assay of SsnA and NucB DNase
activity against an oligo probe over time. SsnA or NucB were incubated with
an oligonucleotide probe at 37°C and the change of fluorescence was measured
over 30 minutes using a microplate reader.
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Figure 4.9. Forster resonance energy transfer assay of SsnA and NucB
activity against an oligo probe at one time point. SsnA or NucB were incubated
with an oligonucleotide probe at 37°C and the amount of fluorescence produced
was measured at 30 min using microplate reader. The reaction buffer for NucB
consisted of 25 mM HEPES (pH 8.0) and 5 mM MnSO4. For SsnA, the reaction
buffer contained 25 mM Tris (pH 8.0), 40 uM EDTA and 80 uM MgClz. Error bars
represent standard error from the mean (3 replicates).

4.6 The activity of SsnA against Salmon sperm DNA

In the previous sections, SsnA could efficiently digest an oligo nucleotide probe
which is a single stranded substrate, but not calf thymus DNA that is
predominantly double stranded DNA. However, calf thymus DNA is also a
different substrate to the oligo probe with regards to size. To further explore the
substrate specificity of SsnA, agarose gel DNase activity assay was performed

using 5 pg/ml of purified SsnA and 125 pg of double stranded Salmon sperm DNA
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as a substrate. SsnA or NucB was incubated with either low or high molecular
weight salmon sperm DNA at 37 C° for 1 hour. Gel electrophoresis of the digestion
products shows that low molecular weight salmon sperm DNA was only partially
digested by SsnA, while no degradation activity was observed against the high
molecular weight DNA. In contrast, NucB fully digested both low and high
molecular weight DNA leaving no detectable fragments (Figure 4.10 A).
Increasing the incubation time to 24 hours caused SsnA to achieve complete
degradation of low molecular weight salmon sperm DNA but had no obvious
impact on the enzyme activity against the high molecular weight DNA (Figure
4.10 B). However, it should be noted here that the loss of LMW DNA is much
easier to detect considering its appearance as a sharp band rather than a smear
as it is the case with the HMW substrate. In summary, our results suggest that

SsnA can fully digest double stranded DNA, but only if it is of low molecular

weight.
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Figure 4.10. The DNase activity of SsnA against Salmon sperm DNA. Low molecular
weight (LMW) or High molecular weight (HMW) Salmon sperm DNA (125 ug) was
incubated with SsnA (5 ug/ml) at 37 C° for (A) 1 hour and (B) 24 hours. The reaction
buffer for NucB consisted of 25 mM HEPES (pH 8.0) and 5 mM MnSO,. For SsnA, the
reaction buffer contained 25 mM Tris (pH 8.0), 40 uM EDTA and 80 uM MgClz.Samples
of the digestion products were separated by agarose gel electrophoresis and 1kb plus
DNA ladder is included as a marker.

4.7 The activity of SsnA against plasmid DNA

To give more insight into the preference and specificity of the DNA substrate for
SsnA, a supercoiled plasmid was used as a substrate for the activity assay in this
section. Varying concentrations of SsnA and NucB were incubated with 1 pg/ml
plasmid DNA at 37 °C for 1 hour, and digestion products were visualised by
agarose gel electrophoresis. For SsnA, the band corresponding to the supercoiled
plasmid disappeared by concentrations > 1 yg/ml, but two new bands possibly
indicating open circle (nicked) and linear forms of DNA appeared (Figure 4.11 A).
As expected, all concentrations of NucB could digest the supercoiled plasmid
substrate completely leaving no detectable fragments or smear. When SsnA was
incubated with the plasmid DNA over a time period of 24 hours, the band of the
supercoiled substrate disappeared by 30 min, and only a nicked form of DNA was
detectable until 4 hours of incubation. By 24 h, another band indicating
linearized plasmid appeared just below the nicked open circular (Figure 4.11 B).
It should be noted that in the latter case, some nicked DNA pre-exists in the
plasmid sample explaining the OC signal observed in the control. Overall, the
supercoiled plasmid substrate was converted to either linear or nicked form,

however, it was never fully degraded by SsnA at any of the time points.
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Figure 4.11 The DNase activity of SsnA against plasmid DNA. (A) varying
concentrations of SsnA or NucB were incubated with (1 ug) supercoiled plasmid at 37C°
for 1 hour. (B) SsnA (5 ug/ml) was incubated with the plasmid over 24 hours. The
reaction buffer for NucB consisted of 25 mM HEPES (pH 8.0) and 5 mM MnSO.. For SsnA,
the reaction buffer contained 25 mM Tris (pH 8.0), 40 uM EDTA and 80 uM MgClz.Samples
of the digestion products were separated by agarose gel electrophoresis. 1kb plus DNA
ladder is used as a marker. The supercoiled plasmid (SC) was converted by SsnA to open
circle (OC) fragments and linear DNA.

4.8 Thermal stability of SsnA versus NucB

Our previous results showed that SsnA exhibits different antibiofilm and DNase
activity to NucB. In this section, the thermostability of the two enzymes was
investigated. A sample of SsnA was heat-treated at 80°C for 25 min, whereas
NucB was heat-treated for 5 to 60 min at 100°C (heating NucB at 80° C for 25 min
had no effect on the enzyme activity). To assess the activity of the enzymes after
heating, SsnA and NucB samples were tested for the ability to degrade an oligo
nucleotide probe and calf thymus DNA, respectively. Heating at 80°C for 25 min
was sufficient to completely inactivate SsnA (data not shown), whereas all heat-
treated NucB samples were able to degrade the DNA substrate (Figure 4.12).

These observations highlight another property where SsnA is different to NucB.

85



0O 5 15 30 45 60 (min)

12kbp

Figure 4.12. The thermal stability of NucB. NucB was heated at 100°C for (5, 15,
30,45 and 60) min. Samples from each time point were incubated with calf thymus DNA

for at 37°C for 1h and digestion products were visualised with 1% agarose gel
electrophoresis.
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4.9 Discussion

Extracellular DNases are secreted by many oral bacterial species; however, their
exact biological role remains elusive. One potential function of these DNases is
that they could be involved in the prevention of new biofilm formation or
targeting pre-established biofilms of eDNA dependent species in the oral biofilm.
This hypothesis is based on previous observations that biofilms formed by oral
bacteria are sensitive to exogenous DNases such as DNase | and NucB. This
chapter investigated the ability of SsnA, a deoxyribonuclease secreted by S.

gordonii, to disrupt the formation and the stability of F. nucleatum biofilms.

SsnA inhibited the formation of F. nucleatum biofilms and influenced the
resultant biofilm architecture. Whilst the bioburden of the biofilm was not
significantly reduced by SsnA, the presence of SsnA produced significantly more
fragmented biofilms with reduced surface area. However, SsnA, unlike NucB,
could not change the architecture of or disperse pre-established biofilms. The
resistance of mature biofilms to DNase enzymes have been previously observed
in many biofilms (Mann et al., 2009, Whitchurch et al., 2002, Qin et al., 2007)
(Seper et al., 2011, Barnes et al., 2012, Binnenkade et al., 2018). This
phenomenon could be explained by the substitution or protection of eDNA by
other components of the biofilm matrix such as proteins (Devaraj et al., 2015,
Rocco et al., 2017, Devaraj et al., 2019, Devaraj et al., 2018), polysaccharides
(Peng et al., 2020b, Wang et al., 2015) and lipoteichoic acids (Castillo Pedraza
et al., 2017) which are present in increased amounts in a mature biofilm matrix.
However, our model of F. nucleatum biofilms was readily dispersed by NucB in
the previous chapter (see section 3.5,3.6). With these observations, it was clear
that there is a marked difference in the ability of SsnA and NucB to degrade
biofilms. Therefore, the rest of the work in the chapter aimed to understand the

substrate specificity and enzymatic activity of these two polypeptides.

To better understand the enzymatic properties of SsnA that might affect its
antibiofilm activity, the degradation of different DNA substrates by SsnA was
analysed in comparison to NucB. The results here indicate that SsnA is not a
potent DNase as it could only digest single stranded DNA and low molecular

weight double stranded DNA, when much lower concentrations of NucB showed
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very efficient degradation of all DNA substrates including high molecular weight
DNA and a supercoiled plasmid. Nevertheless, the DNase activity of SsnA against
single stranded DNA was considerably higher compared to NucB. This is consistent
with a previous report demonstrating that double stranded DNA is a better
substrate for NucB though it can still digest single stranded DNA (Baslé et al.,
2017). (Zweig et al., 2014) showed that single stranded DNA plays a vital role in
the initial phases of biofilm formation, but the authors found that as the biofilm
matures, single stranded DNA is not retained in the biofilm and double stranded
DNA becomes more abundant and more important for the biofilm integrity. Since
single stranded DNA is the substrate that was most efficiently degraded by SsnA,
it is possible that SsnA could not disperse mature F. nucleatum biofilms due to
the predominance of double stranded DNA once the biofilm had developed.
Nonetheless, while interpreting the results, the limitations of the FRET activity
assay used here should also be taken in consideration. The degradation of the
single stranded substrate was measured by monitoring the increase in
fluorescence which should result from the fluorophore and quencher at each end
of the oligo probe being separated. Therefore, the observed increase in
fluorescence could not only result from cleaving the probe, but also from cutting

the fluorophore or the quencher.

The lack of any biofilm dispersal effect is also likely to be due to the failure of
SsnA to efficiently degrade high molecular weight DNA. This hypothesis is
supported by the evidence that most eDNA of bacterial biofilms is probably
chromosomal DNA released during cell lysis, and it is therefore, of high molecular
weight (Allesen-Holm et al., 2006). Furthermore, biofilms of S. aureus were
demonstrated to require high molecular weight DNA (>11 kb) to act as structural
support and maintain the biofilm integrity (Izano et al., 2008a). This concept
might also apply to F. nucleatum biofilms considering that eDNA purified from
this biofilm model was high molecular weight DNA (see Section 3.3). Additionally,
plasmid DNA is suggested to contribute to eDNA in biofilms as the presence of a
plasmid has been reported to cause an increase in the biofilm production (Seper
et al., 2011). Here, it was demonstrated that SsnA is unable to achieve total
degradation of a circular plasmid. Taken together, these findings further

emphasize the correlation between the observed antibiofilm behaviour of SsnA
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and its biochemical properties. Yet, it is also possible that the inability of SsnA
to disrupt preformed biofilms or digest high molecular DNA is simply caused by
the concentration of SsnA being low. Therefore, it would be interesting to see

whether using much higher concentrations could make any difference.

Our observations also raise questions about the role of SsnA in S. gordonii
particularly the ability of SsnA to convert a supercoiled plasmid to nicked and
linearized DNA. Other membrane localised bacterial DNases including EndA of
Streptococcus pneumoniae and NucA of Bacillus subtilis, appear to behave
similarly to SsnA when degrade supercoiled plasmids. These enzymes are well-
known for their role in DNA uptake and natural competence (Lacks et al., 1974)
(Lacks et al., 1975) (Puyet et al., 1990) (Provvedi et al., 2001). DNA uptake in
gram positive bacteria is thought to consist of two steps which are binding and
entry. During the binding step, exogenous DNA binds on the outside of the
competent cell and undergoes double stranded breaks (Provvedi et al., 2001) or
single stranded nicks followed by double stranded cleavages (Lacks and
Greenberg, 1976) (Morrison and Guild, 1973). A single strand of that cleaved DNA
is pulled into the cell in the entry step, while the complementary strand is
degraded extracellularly (Chen and Dubnau, 2004). EndA has proven important
for transporting the donor DNA to the interior of the cell (Lacks and Neuberger,
1975) (Lacks et al., 1975), whereas NucA was suggested to be responsible for
making double-stranded breaks in the cell bound DNA to produce linear DNA
thereby increasing the rate of DNA uptake (Provvedi et al., 2001). Similar process
of DNA uptake could occur in S. gordonii with SsnA being responsible for the entry
of the transforming DNA or generating linear DNA during the binding step.
Competence in S. gordonii was found to be regulated by CcpA which plays a well-
recognized role in the regulation of sugar metabolism and carbon catabolite
repression in Gram-positive bacteria (Zheng et al., 2012). Interestingly, CcpA has
also been shown to be also responsible for regulating SsnA expression (Robert
shields, PhD thesis). Previous work in our group has investigated the importance
of SsnA for genetic transformation of S. gordonii and found that the deletion of
SsnA gene did not reduce the transformation efficiency (David Taylor,

unpublished work). However, our collaborator Angela Nobbs is currently shedding
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new light on this aspect of SsnA and seems to come across contrasting results

(Angela Nobbs, personal communication).

Bacteria also take up DNA to use it as a source of carbon, nitrogen and
phosphorous (Ibafez de Aldecoa et al., 2017). Since SsnA degrades single
stranded DNA very efficiently, this membrane-localized DNase could help S.
gordonii obtain nutrients by degrading the non-transforming DNA strand
remaining outside the cell. This hypothesis is further supported by the previous
observation that SsnA is downregulated when an optimal source of sugar is
available for S. gordonii (Robert shields, PhD thesis). Although the findings in this
chapter do not prove that SsnA plays either of the above-mentioned roles, they
will undoubtedly contribute to investigate this potential with more in-depth

studies.

Overall, this study revealed distinct differences between NucB and SsnA
regarding their biochemical and antibiofilm properties. Further characterization
of the differences between NucB and other native nucleases of the dental biofilm
will be critical for understanding whether the modulation of DNases produced by
oral bacteria could help control dental plaque. At present, the exact contribution
of SsnA to S. gordonii and to the whole dental biofilm remains unclear and will

require further investigations.
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Chapter 5: Characterizing eDNA in the matrix of model plaque
biofilms

5.1 Outline

The role of eDNA in oral biofilms has been investigated almost solely by studying
single- species biofilm models. However, dental plaque is formed by multiple
bacterial species, and the biofilm matrix production by oral bacteria is unlikely
to be the same when they live within a complex community. A better
understanding of the structure and function of eDNA in mixed species oral biofilm
models could help elucidate the potential of eDNA being used as a target for

dental plaque control.

Exopolysaccharides, mainly S. mutans derived glucans, have been long
recognized as the major matrix components in cariogenic plaque biofilms. S.
mutans and a few other bacteria use sucrose as a substrate to produce glucans
and build the biofilm matrix (Koo et al., 2013, Cugini et al., 2019). eDNA and
extracellular matrix proteins including amyloids and host proteins and
glycoproteins are also present in cariogenic biofilms (Liao et al., 2014, Castillo
Pedraza et al., 2017, Besingi et al., 2017, Kim et al., 2018), however, their
biological roles within the biofilm are poorly understood. Information about the
matrix composition of non-cariogenic biofilms such as subgingival dental plaque
is scarce, but since very low levels of sugars are available for subgingival
bacteria, the matrix of subgingival biofilms might not contain substantial
amounts of polysaccharides. Nonetheless, some bacteria in the subgingival
biofilm produce non-glucan exopolysaccharides such as PNAG (B- 1,6- N- acetyl-
D- glucosamine) which are not dependent on dietary sugars for synthesis (Izano
et al., 2008b).

eDNA results from death and lysis of microbial cells or is actively secreted into
the biofilm matrix by viable cells (Allesen-Holm et al., 2006, Perry et al., 2009a,
Liao et al., 2014). Previous research has shown that extracellular DNA production

in multispecies biofilms is species dependent and that eDNA abundance in these
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biofilms is not always related to the amount present in single-strain biofilm
models (Steinberger and Holden, 2005). Some bacteria might contribute more
than others to eDNA production in multispecies biofilms such as dental plaque,
therefore, eDNA might be enriched in specific sequences. Investigating the
sequence of eDNA in dental plaque will enhance our understanding of its

functions and importance as a target for antibiofilm strategies.

DNA present inside the periodontal bacterial cell is known to contribute to the
pathogenesis of periodontitis by stimulating the release of proinflammatory
mediators such as tumour necrosis factor alpha (TNF-a), interleukin -6 and
interleukin-8 from human immune cells (Nonnenmacher et al., 2003a, Sahingur
et al., 2010, Sahingur et al., 2012, Kim et al., 2012b, Soto-Barreras et al., 2017).
It is possible that eDNA also reach and interact with the host cells involved in the
inflammatory process of periodontitis, therefore, the host immune reaction
towards eDNA in dental plaque needs to be investigated. Macrophages are vastly
involved in the immune response-mediated periodontal bone damage in
periodontitis primarily because of their ability to produce several destructive
cytokines including TNF-qa, IL-6, and IL-18 (Zhuang et al., 2018). F. nucleatum
have long been implicated in the pathogenesis of periodontal disease, and this
thesis has showed that F. nucleatum biofilms contain substantial amounts of
eDNA. This eDNA might interact with immune cells such as macrophages and
provoke the release of inflammatory cytokines, thereby, contributes to the

periodontal tissues destruction.

This chapter aims to characterise eDNA as a component of supra and subgingival

dental plaque by addressing the following objectives:

1. Assess the effect of DNase enzymes, NucB and SsnA, on aerobic and
anaerobic in vitro dental plaque models.

2. Investigate whether eDNA is enriched in sequences from particular
species in the dental plaque.

3. Investigate ability of eDNA from periodontal bacteria to stimulate host

cell responses.
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5.2 Visualisation of in vitro dental plaque models

An in vitro dental plaque model was developed to help investigate the abundance
and function of eDNA within dental plaque biofilms. Mixed-species biofilms were
cultured on inert (glass) surfaces, using human saliva as an inoculum. Biofilms
were grown for 24 h either aerobically in the presence of 2% (w/v) sucrose as a
cariogenic supragingival dental plaque model, or anaerobically without sucrose
to model subgingival dental plaque. These model plaque biofilms were visualised
under scanning electron microscopy (SEM). The aerobic biofilms consisted

predominantly of long chains of coccoid cells possibly streptococci (Figure 5.1).

Short rods were also observed sometimes. One prominent feature is large yeast
cells that were found consistently throughout biofilm samples and likely to be
Candida. Occasionally, extracellular material was seen at high magnification
either encompassing some cells or as thin strands (Figure 5.1). The anaerobic
biofilm samples showed more diverse cell morphology than aerobic biofilms, but
Candida were not observed in any of the samples (Figure 5.2). Strands of
extracellular materials were more frequent and more obvious throughout the
anaerobic biofilms. It should be noted that the biofilms here (Figure 5.1, Figure

5.2) are visualized in their collapsed state as they were dehydrated for SEM.
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Figure 5.1 Scanning electron micrographs of model supragingival dental plaque.
Mixed species saliva biofilms were grown aerobically in the presence of 2% sucrose to
model supragingival dental plaque. [A,B] Yeast and hyphae cells were seen throughout
the biofilm (indicated by arrows) [C,D] Chains of Streptococci and rod shaped cells
(black arrows), Extracellular material was seen at high magnification as thin strands
or covering some cells(white arrows).
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Figure 5.2 Scanning electron micrographs of model subgingival biofilms. Mixed
species saliva biofilms were grown on glass surfaces for 24 h in anaerobic conditions to
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model subgingival dental plaque and were visualised with SEM. [A] long chains of cocci
(white arrows) [B] long rods can be seen throughout the biofilm (white arrows) and
Strands of extracellular material was also observed at high magnification (Black
arrows)

5.3 Testing the sensitivity of in vitro dental plaque models to NucB and
SsnA

To investigate whether eDNA has a role in the development of dental plaque
biofilms, model biofilms were grown in the presence of NucB or SsnA DNase
enzymes. These two enzymes were found in the previous chapter to have
different DNA substrate preference and distinct antibiofilm activity against F.
nucleatum biofilms. Therefore, they were both used here to compare their effect
on plaque biofilms. To grow these biofilms, human saliva samples from three
different volunteers were diluted 1:100 in artificial saliva and cultured for 24 h.
Biofilms were cultured aerobically in the presence of 2% sucrose for supragingival
biofilm modelling. To model subgingival dental plaque, biofilms were grown in
anaerobic conditions and the biofilm growth was assessed by crystal violet
staining. As can be seen in (Figure 5.3), only NucB reduced the formation of the
anaerobic biofilms (70% reduction), whereas no effect was observed for either
enzyme in case of aerobic biofilms. The role of eDNA in the stabilization of these
saliva biofilms was assessed by treating preformed biofilms (24 h old) with NucB
or SsnA for one hour. Here, neither aerobic nor anaerobic biofilms were dispersed

by NucB or SsnA treatment (Figure 5.4).
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Figure 5.3 Inhibition of model dental plaque biofilms with NucB or SsnA. Artificial
saliva media were inoculated from 3 different natural human saliva samples and
grown either aerobically in the presence of 2% sucrose to model supragingival dental
plaque or anaerobically without sucrose modelling subgingival dental plaque. 0.5
pg/ml NucB or 5 ug/ml SsnA were included during biofilm formation (24 h) and
biofilms were quantified by staining with crystal violet. Bars represent mean values
from three independent experiments and standard errors are indicated. Statistical
significance was calculated with the one-way ANOVA and the post-hoc Tukey 's test.
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Figure 5.4 Dispersal of model dental plaque biofilms with NucB and SsnA. Artificial
saliva media were inoculated from 3 different natural saliva samples and grown for 24
h either aerobically in the presence of 2% sucrose to model supragingival dental
plaque or anaerobically without sucrose modelling subgingival dental plaque.
Preformed biofilms were treated by NucB and SsnA for 1 hour at 37°C and quantified
by staining with crystal violet. Bars represent mean values from three independent
experiments and standard errors are shown. Statistical significance was calculated
with the one-way ANOVA and the post-hoc Tukey s test.
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5.4 Imaging of NucB and SsnA effect on in vitro dental plaque biofilms

To visualise the effects of NucB and SsnA on the development and the structural
integrity of model dental plaque biofilms, the biofilms were cultured on glass
coverslips and analysed by SEM. NucB and SsnA were either present during the
development of the biofilm to view the inhibitory effect of the enzymes or used
to treat preformed biofilms for 1 h to assess dispersal. Aerobic biofilms grown in
the presence of NucB or SsnA consisted of large cells aggregates that covered
most of the slide surface, similar to what was observed in control biofilms (Figure
5.5). At high magnification, the biofilms showed a dense network of microbial
cells which were closely aggregated. Extracellular material was evident in both
control and treatment images. For the anaerobic biofilms, the presence of NucB
during biofilm formation resulted in the biofilms containing few isolated cells or
small clusters of cells scattered over the surface of the slide (Figure 5.5). In
contrast, SsnA did not reduce biofilms developed under anaerobic conditions,
although extracellular material observed in control biofilms was not obvious in
SsnA biofilms. When testing dispersal, neither NucB nor SsnA could disperse any
of the biofilms (Figure 5.6).
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Figure 5.5 Scanning electron microscopy of mixed species saliva biofilms grown in
the presence NucB or SsnA. Mixed species saliva biofilms were grown in artificial saliva
for 24 h and viewed with SEM. The biofilms were either cultured aerobically in the
presence of 2% sucrose to model supragingival dental plaque or anaerobically as a
subgingival biofilm model. The aerobic biofilms were not reduced by NucB or SsnA. The
anaerobic biofilms formation was only inhibited by NucB. Although the anaerobic
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biofilm formation was not reduced by SsnA, the extracellular material seen surrounding
the cells in control biofilms (black arrows) was not obvious in SsnA-treated biofilms.
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Figure 5.6 Scanning electron microscopy of preformed in vitro plaque biofilms
treated with NucB or SsnA. Mixed species saliva biofilms were grown in artificial saliva
for 24 h, treated with NucB or SsnA for one hour and viewed with SEM. The biofilms
were either cultured aerobically in the presence of 2% sucrose to model supragingival
dental plaque or anaerobically as a subgingival biofilm model. Biofilms were not
dispersed by NucB or SsnA.
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Figure 5.7 The inhibitory versus the dispersal effect of NucB on anaerobic model
dental plaque biofilms at different magnification. Biofilm formation was inhibited
by NucB, but preformed biofilms were not removed by the enzyme.
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5.5 Purification of eDNA from in vitro dental plaque models

Our previous results suggest that subgingival biofilms are more dependent on
eDNA than supragingival biofilms. To further investigate this hypothesis, eDNA
was extracted from 3 independent supragingival (aerobic) and subgingival
(anaerobic) model dental plaque biofilms. To extract eDNA, biofilms were
harvested and collected in 1 ml PBS. This mixture was centrifuged to separate
cells and eDNA was purified from the supernatants. The eDNA extracted was
analysed by agarose gel electrophoresis (Figure 5.8). eDNA purified from the
anaerobic biofilms appeared as a sharp band of high molecular weight, while no
distinctive bands were observed for eDNA of aerobic biofilms. Instead, small
fragments were seen at the bottom of the gel possibly indicating low molecular
weight DNA or RNA. Interestingly, when eDNA extracts were measured by a
Nanodrop 1000 spectrophotometer, eDNA from aerobic biofilms showed higher

concentrations in comparison to eDNA purified from the anaerobic biofilms.

12 kbp

0.25 kbp
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Figure 5.8 Extracellular DNA extraction from model supra and subgingival biofilms.
eDNA was extracted from in vitro supragingival (aerobic) and subgingival (anaerobic)
model plaque biofilms and visualized with 1% agarose gel electrophoresis. Hyperladder
1kb plus was included as a molecular weight marker (M). The image is a representative
of eDNA purification from 3 biofilms derived from saliva of three different volunteers.

5.6 Measuring proteins in the matrix of in vitro dental plaque models

In the previous section, it was possible to extract eDNA from the anaerobic
biofilms, but not from the aerobic biofilms suggesting that eDNA is more
abundant in subgingival biofilms. To further explore the differences in the matrix
composition of supra and subgingival biofilms, the extracellular protein content
in aerobic and anaerobic model plaque biofilms was measured using the Bradford
Coomassie brilliant blue assay. Samples were derived from 3 different saliva
volunteers where each saliva inoculum was used to grow one aerobic and one
anaerobic biofilm. Cells were separated from the biofilms as mentioned in
Section 5.6. A standard curve was generated using bovine serum albumin, and
protein concentrations in biofilms were calculated from the standard curve
generated (Figure 5.9 A, B). The protein concentrations in aerobic biofilms
samples were about 6 times the protein concentrations for the anaerobic biofilms
(Figure 5.9 C). Protein gel electrophoresis was also used to analyse the proteins
present in the biofilm samples (Figure 5.10). No bands were observed for the
anaerobic biofilms, while the aerobic biofilms showed unclear bands pattern
probably due to the proteins being degraded. However, the overall staining
intensity was much higher in the aerobic biofilms. In general, these results
indicate that the supragingival biofilms are rich in extracellular proteins when

compared to the subgingival ones.
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Figure 5.9 Measuring extracellular proteins in in vitro dental plaque biofilms. (A)
a standard curve was generated using concentrations of bovine serum albumin ranging
from 0.1 to 1.6 mg/ml. (B) Protein concentrations in three independents microcosm
biofilms were calculated from the equation of standard curve. (C) All 3 aerobic
biofilms were richer in proteins than their corresponding anaerobic biofilms.
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Figure 5.10 SDS PAGE gel comparing protein content of in vitro supragingival vs
subgingival biofilms. Saliva from three different volunteers was used to grow supra
and subgingival model biofilms. Supragingival (aerobic) biofilms (A1,2,3) showed much
higher staining intensity than subgingival (anaerobic) biofilms (An1,2,3). Ladder is
PageRuler unstained Broad Range protein ladder (10-200 kDa). Gel was stained using
Coomassie InstantBlue.
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5.7 Sequencing of intracellular DNA (iDNA) and eDNA from in vitro
dental plaque models

To further characterize eDNA in dental plaque, this section investigated the
microbial composition of eDNA purified from model dental plaque biofilms. eDNA
and iDNA were purified from saliva derived subgingival biofilms (12 different
saliva volunteers). The 24 samples were analysed for their microbial composition
by 16S rRNA gene sequencing (see Materials and Methods). The bacterial
composition of the DNA samples was analysed at genus level (Figure 5.11). The
relative abundance of genera in the samples showed a noticeable difference
between eDNA and iDNA bacterial composition. eDNA samples were highly
dominated by genus Veillonella which surprisingly made up more than 90% of the
total composition in all samples. In contrast, the relative abundance of
Veillonella in iDNA samples was only 4 to 6%. Genus Fusobacterium was also
present in eDNA, but at very low abundance and in only 6 of the 12 samples.
Other genera detected in eDNA composition were Streptococcus in 3 samples,
Prevotella 6 and Gemella in one sample each. For iDNA samples, Genera
Haemophilus, Fusobacterium, Veillonella and Streptococcus were present in all
samples with Streptococcus being the most abundant Genus. Porphyromonas was
detected in all but 2 samples. The controls which consist of the buffer alone
(PBS) were dominated by bacterial DNA. Although these samples are likely to
contain environmental DNA, the bacterial DNA observed here is primarily from
oral bacteria and the pattern is close to that of iDNA samples indicating that
there might have been some cross-sample contamination. In addition, a large

proportion of the bacterial genera in iDNA samples were unassigned.
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Figure 5.11 The bacterial composition of eDNA and iDNA samples purified from
model subgingival biofilms. The percentages represent the relative abundance of

major genera in the samples. Control 1 and control 2 are buffer only samples.

5.8 The immunostimulatory effect of eDNA

This thesis has shown that eDNA is important for the development and stability
of oral biofilms. In this section, it was investigated whether eDNA is also involved
in stimulating the host immune response towards these biofilms. To explore this
possibility, the immunogenic potential of eDNA extracted from F. nucleatum
biofilms was assessed on macrophages. Macrophages were exposed to three
independent eDNA preparations, and levels of the proinflammatory cytokine
tumour necrosis factor-a (TNF-a) were measured using enzyme linked
immunosorbent assay (ELISA). LPS from E. coli was included as a positive control.
As can be seen in Figure 5.12 A, macrophages exposed to two of the three eDNA
samples released higher levels of TNF-a than the unstimulated controls.

However, eDNA showed less inflammatory potential compared to LPS. These
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experiments were repeated later using different eDNA preparations and including
eDNA digested with the DNase enzyme NucB as a control to confirm that the
stimulating effect observed was caused by eDNA and not by any contaminants in
the eDNA samples (e.g LPS). NucB was also included to exclude that any observed
effect on the cells being caused by the enzyme. Surprisingly, this time none of
the eDNA samples had a stimulating effect on the release of TNF-a although the
cells were still appropriately stimulated by LPS (Figure 5.12 B).
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Figure 5.12 The inflammatory response of macrophages to eDNA. Macrophages were
exposed to eDNA, and TNF-a production was measured by ELISA. E. coli LPS is a positive
control. (a) TNF-a release was moderately stimulated by two out of the three eDNA
samples tested. Bars represent averages from two repeats and standards errors are
indicated (B) Experiments were repeated using different eDNA preparations, and
digested eDNA samples were included as controls. no stimulation effect was observed
for eDNA.
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5.9 Discussion

The role of eDNA in oral biofilms has been widely studied in laboratory
monospecies biofilms, however, there is a lack of studies on eDNA in multispecies
oral biofilms which are more representative of natural dental plaque. This
chapter aimed to characterize eDNA as a component of saliva derived model
dental plaque biofilms. Studying eDNA in such polymicrobial community will
enhance our understanding of the functions and structure of eDNA in dental
plaque and could help evaluate the potential for eDNA to be used as a target to

prevent or reduce dental plaque.

The general structure of the supragingival plaque model used here is consistent
with what was previously reported in other electron microscopy studies of natural
dental plaque (Listgarten et al., 1975, Lie, 1977, Zee et al., 1997) .These studies
found that early dental plaque consisted predominantly of cocci with few rod-
shaped cells and filaments. Subgingival natural plaque was found to contain
diverse morphotypes including cocci, rods, fusiform and spirochetes (Listgarten,
1976, Wecke et al., 2000) which is close but much more complex than the
structure observed in the SEM images in this chapter. Extracellular material was
also detected covering the bacterial cells in previous SEM studies of natural
dental plaque. Candida do not appear to be a common observation in SEM images
of natural dental plaque. When fluorescence in situ hybridization (FISH) was
employed, Candida was evident in supragingival and not in subgingival natural
dental plaque (Zijnge et al., 2010). However, Candida was detected by
cultivation of subgingival samples (Canabarro et al., 2013, Dahlén and Wikstrom,

1995) and metagenomic sequencing (Dabdoub et al., 2016).

When the impact of the DNase enzymes NucB and SsnA on the growth of simulated
subgingival biofilms was evaluated, only NucB inhibited the formation of the
biofilms. Interestingly, SsnA has proven effective at inhibiting monospecies
biofilms of F. nucleatum in chapter 4, yet it could not interfere with the
development of saliva derived biofilms in this chapter. This might reveal that
eDNA of mixed species biofilms has different structure to eDNA released by
bacteria in their monospecies biofilms. SsnA has been found in the previous

chapter to only digest low molecular weight or single stranded DNA, therefore,
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eDNA in mixed species communities is likely to be predominantly double stranded
high molecular DNA even in the early stages of biofilm formation. Another
likelihood is that double stranded high molecular weight DNA is the key structural
form of eDNA in these biofilms. The observed difference in the effect of SsnA and
NucB could also be due to the pH or metals present during the biofilm growth
being supportive for the activity of NucB rather than SsnA, or the release of SsnA
inhibitors by the numerous species present in the biofilm. This observation
emphasizes that single species biofilm models might not well represent

polymicrobial communities.

While subgingival biofilms were reduced by NucB, supragingival biofilms were not
inhibited by either of the enzymes. These observations are consistent with a
previous report where NucB was found to strongly inhibit the formation of
anaerobic oral biofilms, but had little effect on biofilms grown aerobically in the
presence of sucrose (Rostami et al., 2017). One possible explanation for these
findings is that eDNA is less abundant or less important in supragingival cariogenic
biofilms when compared to subgingival biofilms. Our knowledge of the biofilm
matrix composition in supragingival cariogenic biofilms has been based mainly on
studies of biofilms of the cariogenic bacteria, S. mutans. Polysaccharides,
particularly glucans synthesized by S. mutans were found to be the major matrix
components in these biofilms (Bowen et al., 2018, Cugini et al., 2019). eDNA is
also found in cariogenic biofilms, however, how important it is for the
development and stabilization of the biofilm is not well understood. Previous
studies showed that eDNA is responsible for bacterial cell adhesion and enhancing
cariogenic biofilm formation via interactions with glucans (Das et al., 2011, Liao
et al., 2014). Another report suggested that eDNA can enhance the formation of
glucans independent biofilms of S.mutans in low pH conditions (Kawarai et al.,
2016). Castillo Pedraza et al. (2017) demonstrated that eDNA acts cooperatively
with exopolysaccharide in S. mutans biofilms in the early stages of the biofilm
development, but as the biofilm matures, eDNA's role is taken over by
lipoteichoic acid (LTA). Recently, targeting LTA during biofilm formation
lessened the accumulation of S. mutans biofilms and this effect was more
pronounced when the LTA treatment was combined with an exopolysaccharide

synthesis inhibitor (Castillo Pedraza et al., 2020b). The previous findings are
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mostly related to single-species S. mutans biofilms, and therefore, not
necessarily valid in the mixed- species biofilm model used here. Furthermore,
eDNA content was negatively correlated to the biofilm biomass in both single and
multispecies cariogenic biofilms suggesting that eDNA is not critical for the
biofilm accumulation (Castillo Pedraza et al., 2017). It is possible that eDNA has
only a secondary role in building the matrix of cariogenic biofilms with
exopolysaccharides being the key component, and therefore, digesting eDNA was

not sufficient to prevent the formation of our model biofilms.

NucB could effectively prevent the accumulation of the anaerobic model biofilms
in this study suggesting that eDNA is important structural component of
subgingival biofilms. Information about the matrix composition of subgingival
plaque is scarce, but it is unlikely that polysaccharides make a major component
of the subgingival biofilm matrix. This is because bacteria in subgingival biofilm
are only exposed to small amounts of sugars from diet to use it as a substrate
and produce polysaccharides. Also, subgingival biofilms are rich in asaccharolytic
bacteria which cannot metabolise carbohydrates. Still, some biofilm
polysaccharides are not synthesised from dietary sugars. An example of these is
PNAG which is a GIlcNAc polymer produced by the subgingival bacteria
A. actinomycetemcomitans (Izano et al., 2008b). One recent study developed an
in vitro mixed species biofilm model that is gradually converted from
supragingival to subgingival by changing the growth environment from aerobic to
anaerobic conditions. In this study, exopolysaccharides decreased as the biofilm
grew from the aerobic to the microaerophilic stage and became undetectable in
the anaerobic biofilms (Thurnheer et al., 2016). Here, preformed model plaque
biofilms were not removed by NucB or SsnA regardless of whether they were
cultured to mimic supra or subgingival dental plaque. This might have occurred
because eDNA is less abundant or less accessible in mature biofilms perhaps due
to its replacement by or forming complexes with other components of the matrix
such as exopolysaccharides, LTA and proteins (Castillo Pedraza et al., 2017,
Rocco et al., 2017, Peng et al., 2020a)

The dependence of supra and subgingival model biofilms on eDNA was further
investigated by assessing the presence of eDNA in their matrices. eDNA purified

from both biofilms was quantifiable by NanoDrop spectrophotometry, however,
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only eDNA of anaerobic biofilms was visible on agarose gels. According to these
observations, it is likely that subgingival biofilms contain higher levels of eDNA
than supragingival biofilms, which could contribute to subgingival biofilms being
more sensitive to the DNase enzyme NucB. Interestingly, eDNA from aerobic
biofilms showed high concentrations in spectrophotometry which could imply
that eDNA might be abundant in supragingival biofilms, but it is of low molecular
weight. Biofilms were found to require high molecular weight DNA to provide
structural support (Izano et al., 2008a). This might again clarify why the growth
of the aerobic biofilms was not affected by the presence of NucB. It is unclear if
the environmental conditions can affect the production of eDNA in biofilms. The
levels of eDNA in S. mutans biofilms were dependent on the amount and type of
sugars in the growth medium (Kim et al., 2018). Recently, Ramirez et al. (2019)
have found that biofilms grown under aerobic conditions contain greater amounts
of eDNA compared to anaerobic biofilms. However, those were monospecies

biofilms and therefore the observed effects might be species-specific.

The results in this chapter demonstrated that proteins are abundant in aerobic
biofilms when compared to anaerobic biofilms, which once more highlights a
distinct compositional difference between the supra and subgingival model
biofilms evaluated here. Proteins have long been recognised as important biofilm
components along with exopolysaccharides and eDNA. Cariogenic biofilms were
found to contain several amyloid forming proteins that have significant effects
on the biofilm development and integrity (Besingi et al., 2017, Chen et al.,
2019a). DNABII proteins have also been observed in association with eDNA within
the biofilm matrix of several oral bacteria including S. intermedius (Nur et al.,
2013) S. gordonii, and P. gingivalis (Rocco et al., 2017) (Rocco et al., 2018).
These proteins are thought to stabilize and maintain the integrity of the biofilm
matrix and could shield eDNA from the action of DNase enzymes. Karygianni et
al. (2020) have shown that the density of 6 species cariogenic biofilm was
substantially reduced by the combined presence of DNase | and proteinase K
during biofilm formation when compared to biofilms grown with DNase | or

proteinase K alone.

The work in this chapter also investigated whether specific bacterial genera in

subgingival biofilms are more responsible for the release of eDNA than others.
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Identifying these genera might enhance our knowledge of eDNA's functions in
dental plaque. The microorganism diversity of iDNA and eDNA extracted from
model subgingival biofilms was explored via 16S rRNA gene sequencing. The
sequencing data analysis revealed a substantially different constitution between
eDNA and iDNA. eDNA was predominantly released by Veillonella which in
contrast made a small proportion of iDNA composition. Veillonella species are
early colonizers that were previously reported to have a vital role in multispecies
biofilm formation (Periasamy and Kolenbrander, 2010). Although there is no
information available in the literature regarding the production of eDNA in
Veillonella biofilms, the export of vesicle-associated DNA is prevalent among
gram negative bacteria such as Veillonella (Dorward and Garon, 1990b). The
pioneer colonizers of dental plaque, streptococci, constituted large proportion
of iDNA. However, very low quantities of eDNA, and just in few samples, were
released by this genus indicating that streptococcal species might not be key
producers of eDNA when colonising mixed species biofilms. In fact, streptococci
are well known for possessing multiple adhesins that facilitate their attachment
to tooth surface as well as their interactions with other species in the dental
biofilm, and therefore, they may not require to release large quantities of eDNA.
Yet, eDNA release was demonstrated in several streptococcal species when
growing in monocultures (Kreth et al., 2009b, Itzek et al., 2011b, Xu and Kreth,
2013b). Interestingly, F. nucleatum which have shown to produce large amounts
of eDNA in their biofilms in chapter 1, released very small proportions of eDNA
in this polymicrobial environment. This variation of eDNA production between
single ad multispecies bacterial biofilms was previously reported for other
bacterial species (Steinberger and Holden, 2005). The contribution of different
bacteria to eDNA in multispecies biofilms might be influenced by several factors
such as variations in growth rate, interbacterial interactions and different rate
of cell death and lysis. It is worth to note that the composition of eDNA and iDNA
was not donor dependent as the microbial composition was consistent throughout

the samples despite the biofilms being derived from various saliva inoculums.

To give more insight into the functions of eDNA in dental plaque, the work here
examined the ability of eDNA from F. nucleatum biofilms to induce an

inflammatory response from macrophages. Considering that DNA inside the
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bacterial cells can stimulate host immune response, DNA present in the
extracellular matrix of biofilms is expected to have similar immunogenic
potential. Ideally, eDNA purified from the model plaque biofilms should have
been used in these experiments, however, it was difficult to obtain sufficient
concentrations . Ramirez et al. (2019) assessed the inflammatory potential of
eDNA from Enterococcus faecalis monospecies biofilms on macrophages. The
authors found that eDNA stimulated low-grade inflammatory response when
compared to planktonic bacteria and LPS. Similarly, the results of our initial
experiments showed that eDNA can elicit moderate response from macrophages
as demonstrated by promoting the release of the proinflammatory cytokine
TNF-a. However, in our second set of experiments, eDNA had no effect on the
secretion of TNF-a. This might have occurred because the eDNA samples were
not as pure as the samples used in the initial experiments or due to a technical
issue. Therefore, further work is required to clarify the immunogenic potential
of eDNA in dental plaque and its relationship with the pathogenesis of

periodontitis.

Overall, this chapter explored the functions of eDNA in supra and subgingival
biofilms in terms of its importance for the formation and stability of the biofilms,
and its role in stimulating the release of destructive cytokines from immune cells.
It also investigated whether particular species are more responsible for the
release of eDNA in the biofilm. The results here demonstrated that eDNA is an
important structural component of subgingival biofilms and highlighted that
eDNA structure in the mixed species plaque biofilm is likely to be different to
what is usually released in single species biofilm models. The contribution of
different oral bacteria to eDNA production needs further studies, ideally on

natural dental plaque.
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Chapter 6. General Discussion and Future Work

6.1 General Discussion

This work characterised a novel oral microbial DNase and showed that its DNA
digestion and anti-biofilm activity was distinct from another bacterial DNase that
has been explored for biofilm control. In addition, the work started to
characterise the role of microbial eDNA in more complex situations such as

mixed-species biofilms and the presence of host cells.

F. nucleatum was selected to form a model biofilm to test the effect of DNase
enzymes as it is known to act as a bridging biofilm component by binding early
and late colonizers of dental plaque thereby promoting biofilm maturation
(Kolenbrander et al., 2010, Guo et al., 2014, Brennan and Garrett, 2019a).
Digesting eDNA could be a useful approach in reducing F. nucleatum colonization
and consequently reduce dental plaque. F. nucleatum was found to consistently
form thick biofilms that seemed to be abundant in eDNA, and therefore, was a
suitable model to assess the efficacy of the DNase enzymes NucB and SsnA on
oral biofilm formation and stability. Yet, F. nucleatum contributed to very low
percentage of eDNA purified from model plaque biofilms in chapter 5. eDNA
release and dependence might be strain-dependent since some strains may have
a strong requirement for eDNA, whereas others may utilize different approaches
for adhesion and biofilm formation. Therefore, future work would need to screen
multiple strains of these species. The dependence of F. nucleatum on eDNA might
also vary according to the growth conditions. A previous study that employed the
same strain of F. nucleatum, but with different culture medium reported low
quantities of eDNA in biofilms of F. nucleatum and no effect of DNase | on the
biofilm structure (Ali Mohammed et al., 2013). Therefore, it is not clear how
important is eDNA for the colonization and biofilm formation of F. nucleatum in
their natural growing environment in the oral cavity. Also, F. nucleatum, is
typically present within a mixed biofilm population in vivo, thus, it is not known
whether DNases would have the same effect on F. nucleatum when it is
participating in so many bacterial interactions. Additionally, it is unknown

whether disrupting these species alone would disrupt the whole biofilm.
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However, using F. nucleatum biofilms as a model provided a great opportunity
to test and compare NucB and SsnA effects on eDNA rich biofilms formed by oral

bacteria.

As this thesis is focussed on the role of eDNA in the plaque biofilm and the
subsequent importance of targeting eDNA, investigating the effect of NucB on
periodontal bacteria was pursued further. Some periodontal bacteria were
previously found to decrease when NucB was present during the growth of
salivary microcosms (Rostami et al., 2017). Therefore, it was hypothesized that
eDNA could have a role in the integration of these bacteria into the dental
biofilm. Among these species, P. gingivalis was chosen for investigation due to
its well-known role as a keystone pathogen, and therefore, its special importance
in the pathogenesis of periodontitis. Attempts were first made to test the effect
of NucB on monospecies biofilms of P. gingivalis, however, these were thin and
therefore difficult to assess. P. gingivalis is a late colonizer that is usually
incorporated into the dental biofilm by binding to early colonizers commonly
streptococci (Demuth et al., 2001, Lamont et al., 2002). It was, therefore,
decided to use a dual species biofilm model of P. gingivalis and S. gordonii to
test the dependence of P. gingivalis on eDNA. NucB treatment did not reduce the
colonization or the persistence of P. gingivalis into the dual species biofilm with
S. gordonii. S. gordonii were also not released from the biofilm following NucB
treatment. Possible explanations for these observations were discussed in
chapter 3. Of note, S. gordonii produces extracellular nuclease which could
digest and reduce the amount of eDNA prior to introducing P. gingivalis making
it difficult to see any obvious effect for NucB. To investigate this prospect, S.
gordonii in this biofilm model could be replaced in the future by an isogenic
mutant lacking DNase or other early colonizers that do not produce DNases.
Godeke et al. (2011) found that the amount of eDNA in biofilms of a nuclease
mutant of Shewanella was significantly higher than that of the wild type.
Additionally, the observed differences in the effects of NucB between F.
nucleatum on one side and S. gordonii and P. gingivalis on the other side might
reflect differing approaches to the formation and maintenance of biofilms among

different oral species.
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Several oral bacteria produce DNase enzymes, but whether these DNases have
biofilm degrading functions within the dental plaque is yet to be clear. If these
native DNases have biofilm degrading properties, there might be an opportunity
to develop a strategy to modulate them and control dental plaque. SsnA, a DNase
produced by S. gordonii was investigated here to provide an initial insight into
this potential. A monospecies biofilm model of F. nucleatum was employed to
test the antibiofilm effect of SsnA, hence, a comparison with NucB was possible.
SsnA was able to inhibit the formation of the biofilm, but in contrast to NucB, it
showed no obvious effects on preformed biofilms. This observation has led to
investigating the DNase activity of both enzymes against various DNA substrates.
It is well known that different nucleases can have different substrate specificities
and preference. For example, two extracellular nucleases form V. cholerae
appear to have different specificity for DNA substrates as one is capable of
degrading circular and linearized plasmid DNA, whereas the other can only
digests linearized DNA (Seper et al., 2011). Also, SWAN from S. sanguinis shows
superiority at digesting single-stranded DNA (Morita et al., 2014). To use an
enzyme for biofilm control, it is important to identify the key enzyme
characteristics that correspond to good biofilm control. Here, NucB was shown
to have stronger activity against complex double-stranded DNA, whereas SsnA
appeared to have better activity against the single stranded substrate. Bovine
DNase | which has proven to be effective as an antibiofilm enzyme, just like
NucB, prefers degrading double-stranded substrates (Suck, 1994). Taken
together, these findings suggest that the antibiofilm activity of DNases is
positively correlated to their ability to hydrolyse double stranded DNA. This
hypothesis was further emphasized in chapter 5 where SsnA lacked any
antibiofilm effect with model plaque biofilms, while NucB maintained its high
capacity at preventing biofilm formation. Whether DNases produced by other
bacteria in dental plaque possess the same preference as SsnA for single stranded
DNA is currently unknown, but if demonstrated by future investigations, it could

indicate specific functions for these enzymes in the dental plaque.

The superior efficiency of NucB against the model plaque biofilms used in this
project might imply that eDNA in dental plaque is largely double stranded DNA
or that this type of DNA is the one critical for biofilm structure/scaffold. The
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form of eDNA released in the biofilm matrix is likely to be reliant on the
mechanism of eDNA release. For instance, single stranded DNA was shown to be
released by a type |V secretion system (Zweig et al., 2014). It is anticipated that
most eDNA in early biofilm growth is actively secreted since cell lysis should not
yet be significant. However, this concept might be more relevant to single
species biofilms than multiple species communities as the vast interbacterial
interactions taking place could affect the rate of growth and cell death and lysis.
The presence of different forms of eDNA in the extracellular matrix of
multispecies biofilms could also be influenced by the different constituted
species. Mature biofilms of Sulfolobus acidocaldarius were found to contain a
mixture of both single and double stranded DNA, whereas only double stranded
DNA was detected in N. gonorrhoeae biofilms (Zweig et al., 2014). Information
about mechanisms of eDNA release are currently based on studies of single
species biofilm models, however, the process is likely to be more complex in
multispecies biofilms such as dental plaque, and hence requires further
investigations. In the future, the forms of eDNA present in model plaque biofilms
could be identified using the same methodology as employed by Zweig et al.
(2014). The authors used fluorescently labelled ssDNA and ss/dsDNA-binding
proteins to visualize ssDNA and total DNA in biofilms. This information could be

valuable when selecting which DNases are best to target eDNA in dental plaque.

While the differing substrate specificity is one property that could be
contributing to the observed distinct antibiofilm activity of NucB and SsnA. Other
properties that could affect the DNase activity such as the pH range and the
thermal stability also appear to be variable between the two enzymes. NucB was
found to be a thermally robust enzyme that regain its activity after a heat cool
cycle (Baslé et al., 2017). In this project, NucB was still active after heating at
100°C for up to 60 min, whereas heating SsnA at 80°C for 25 min was sufficient
to completely inactivate the enzyme. To the best of my knowledge, the pH range
of NucB activity has not yet been determined. However, the homologous protein
NucB from Bacillus subtilis shows high activity over the range pH 6.5-8.0, with
an optimal pH of 7.5 and rapid drop-off in activity above pH 8 (Akrigg, 1978). On

the other hand, work by our lab group has shown that SsnA exhibits its activity
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over the range pH 6.5-9.5, with a rapid inhibition of activity between pH 5.5 and
4.5.

This work has shed light on specific situations where the use of DNases for biofilm
control is favoured. NucB appears to be specifically useful for reducing
subgingival plaque as indicated by its exclusive effect on anaerobic biofilms in
chapter 5. On the other hand, the aerobic biofilms which represent supragingival
plaque were not affected. Additionally, early plaque biofilms are likely to be
more susceptible to degradation by DNases than mature biofilms as NucB only
reduced biofilm formation but could not disperse mature plaque biofilms. These
observations suggest that eDNA is an important structural constituent of
subgingival plaque, but it might be more important or more accessible to
degradation during the early phases of biofilm formation. Consequently, DNases
are likely to be useful as a preventive strategy to reduce the accumulation of
subgingival dental plaque or as an adjunctive periodontal therapy after the
mechanical removal of subgingival plaque. An effective delivery system for the
enzyme to the subgingival area is, therefore, of great importance. Methods used
for the local delivery of antimicrobial agents in periodontal therapy including
fibres, films, microparticles or gels could be valuable. Furthermore, early data
form this project indicates that there may be some sensing of eDNA by host cells.
There is evidence that sensing of microbial nucleic acids by innate immune cells
is a unique inflammatory pathway in periodontal disease pathogenesis (Crump
and Sahingur, 2015). If eDNA is proven to possess immunostimulatory effects, it
could represent a new therapeutic target in the treatment of periodontitis.
DNase enzymes could then be utilized to modulate the host response and reduce
inflammation which has recently been emphasized as a key factor in the early
pathogenesis of periodontitis (Bartold and Van Dyke, 2019). However, the results
here were inconsistent and therefore further work is required to clarify this

aspect of eDNA.

Another area where DNases could be valuable is enhancing the penetration of
the dental biofilm by antimicrobials and oral health care agents. This work has
shown that NucB made F. nucleatum biofilms more fragmented, an effect that
could be of importance in improving the diffusion of therapeutics to the tooth

surface. It is well known that dental plaque is poorly penetrated by therapeutic
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agents such as triclosan and fluoride (Robinson, 2011). This presents an obstacle
to preventing oral infections as well as increasing tooth tissue resistance to
dental caries. Future work could investigate the use of NucB as a mean of
facilitating the mass transport of therapeutics through oral biofilms.
Additionally, the surface area of the biofilms was reduced with NucB treatment.
This could have implications on the physiology of the biofilm as the surface area
of a biofilm reflects the number of biofilm cells exposed to the bulk-liquid phase.
Exposed biofilm cell layers usually show greater metabolic activity than cells in
the biofilm centre (Okabe et al., 1996, Neu and Lawrence, 1997, Werner et al.,
2004, Rani et al., 2007, Bester et al., 2011). Also, the decrease in the surface
area of the biofilm might lessen the uptake of nutrients from the bulk-liquid
(Battin et al., 2003). Consequently, NucB might not only reduce the bioburden
of biofilms but also render what remained of the biofilm physiologically less
active. Currently, antibiotics are recommended as an adjunctive therapy in
severe periodontal disease (Pretzl et al., 2019). However, the administration of
systemic antibiotics is known to be associated with the risk of antibiotic
resistance that affect the entire human microbiome. The effect of NucB on the
biofilm physiology imply that the biofilm cells are likely to be more susceptible
to antibiotic therapy if the treatment is combined with DNases, hence, a lower
dose of antibiotics is required. The effect of DNases on increasing the
susceptibility of biofilms to antimicrobials has been reported in several studies
(Waryah et al., 2017, Kaplan et al., 2018, Yu et al., 2019).

Identifying the major genera responsible for eDNA release in the dental biofilm
could reveal unknown functions of eDNA and provide information on which
organisms are likely to be targeted by DNases. The microorganism diversity of
eDNA extracted from saliva derived biofilms here was noticeably different from
that of iDNA from the same biofilms. eDNA from different species could have
different functions. For example, in some species including S. gordonii, the
release of eDNA appears to be related to the development of competence, while
a relationship between eDNA production and motility has been highlighted in
others (Ibanez de Aldecoa et al., 2017). Here, the genus Veillonella made the
most contribution to eDNA in the biofilm matrix. There is no information with

regards to eDNA production by Veillonella in the literature, but this species is
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known to play a crucial role in multispecies community formation (Periasamy and
Kolenbrander, 2010). The extensive release of eDNA by Veillonella could be
related to their ability to perform this role. One important finding is that eDNA
release appears to be influenced by the growth condition. For instance,
streptococci which constituted most of the biofilm composition here are known
to be substantial eDNA producers when grown in monoculture (Kreth et al.,
2009b, Itzek et al., 2011b, Xu and Kreth, 2013b), however, they only released
very low amounts in this multispecies environment. Therefore, work investigating
the composition of eDNA extracted from natural dental plaque is needed. Natural
dental plaque could be scraped off extracted teeth and the microbial

composition of eDNA purified from this plaque can be analysed.

The results of the SsnA activity assays in chapter 4 provided interesting
information regarding a potential role for SsnA in DNA uptake by S. gordonii.
Instead of digesting a circular plasmid, SsnA converts it to open circle and linear
DNA, in a similar way to EndA of Streptococcus pneumoniae and NucA of Bacillus
subtilis which are well known for their role in genetic competence (Lacks et al.,
1974, Lacks et al., 1975, Puyet et al., 1990, Provvedi et al., 2001). The potential
roles for SsnA in DNA uptake were discussed in chapter 4. Of note, only a single
strand of DNA (the transformation strand) is pulled into the cell during DNA
uptake while the complementary strand is degraded extracellularly. SsnA might
be responsible for digesting this remaining DNA strand considering that SsnA is
most efficient at degrading single stranded DNA. In this way, SsnA could also help
S. gordonii obtain the necessary nutrient supply of carbon, nitrogen and
phosphorous which make up the backbone of DNA. SsnA was downregulated when
an optimal source of sugar is available for S. gordonii (Robert shields, PhD thesis)
emphasizing the hypothesis that it is involved in providing S. gordonii with

nutrients. However, further studies are required to verify this potential.

In conclusion, the role of eDNA as a structural support for oral biofilms and the
potential of controlling dental plaque using DNase enzymes were supported by
this work. Whether DNases produced naturally by oral bacteria can be modulated
to help control dental plague remains to be elucidated. In this project, SsnA from
S. gordonii had an inhibitory antibiofilm effect against single species biofilms,

but it lacked this effect with mixed species oral biofilms. Likewise, SsnA showed
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effective DNA degradation action only against single stranded and low molecular
weight double stranded DNA providing an indication that high molecular weight
DNA double stranded is the predominant or the key structural form of eDNA in
multispecies oral biofilms. This information could help identify which DNases can
reduce dental plaque, however, more work needs to be done to fully understand
this prospective. In the future, the antibiofilm activity and DNA specificity of
other native DNases in the dental biofilm could be investigated to provide clearer
insight into whether modulating native DNases could be utilized to reduce or

control dental plaque.

6.2 Future work

Future work should focus further on what can be achieved with bacterial DNases
in terms of controlling dental plaque and combating periodontitis and dental
caries. The effects of DNases were examined here primarily using monospecies
biofilms of only one strain of F. nucleatum, and therefore, investigating the
sensitivity of other strains and other oral species is important. Also, the mixed
species biofilms used here were in vitro biofilms in which bacteria probably use
different strategies to what they naturally use to produce and utilize eDNA. The
role of eDNA in oral biofilm formation and stability is likely to be affected by
host factors which were absent in the models used in this project. Therefore, the
results obtained here should be verified in more natural settings. This would
confirm that the observations seen in this work were not the consequences of
the conditions under which the experiments were performed. A first step toward
studying eDNA in more natural conditions would be evaluating the effect of NucB
and SsnA on biofilms grown in situ or in animal models. Schlafer et al. (2017)
tested the effect of DNase | on biofilms grown on custom-made glass slabs
mounted on the buccal flanges of individually designed lower jaw splints. This in
situ model could similarly be used in the future to test the effect of NucB and
SsnA. The safety aspect of DNases is also an issue of paramount importance as
host toxicity is among the obstacles facing the transfer of many antibiofilm
therapies form in vitro assays into clinical use. Gingival epithelial or fibroblastic
cell lines could be employed to test the effect of different concentrations of

DNases on host cells viability.
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Throughout this work, it was emphasized that extracellular proteins could be
utilized by oral bacteria to support the structural integrity of eDNA and
consequently biofilms. Model supragingival biofilms, which were demonstrated
to be rich in proteins in comparison to the subgingival one, were resistant to the
action of NucB. Also, P. gingivalis and S. gordonii, both are known to have DNA
binding proteins within their biofilm matrices, were not released from the biofilm
when treated with NucB. Therefore, targeting eDNA-protein interactions is likely
to play a crucial role in enhancing the sensitivity of oral biofilms to DNases.
Antibodies derived against the P. gingivalis DNABII protein, HuB and S. gordonii
DNABII protein Hu reduced monospecies biofilms of these species (Rocco et al.,
2017). Combining NucB with antibodies against DNA binding proteins could have
augmenting effects on biofilm reduction. Future work could also investigate the
effect of antibodies against DNA binding proteins on model supra- and subgingival

biofilms using the same methodology of Rocco et al. (2017).

Expanding our knowledge of DNases originating from oral bacteria is important.
SsnA demonstrated weak antibiofilm effect when compared to NucB suggesting
that DNases present naturally in dental plaque might have less capacity against
oral biofilms than DNases from non-oral bacteria. Future projects could
investigate this hypothesis and compare the antibiofilm and DNase activity of
NucB to that of DNases produced by other oral bacteria. SsnA Also exhibited
distinct DNase activity and varying specificities for different forms of DNA, an
observation that might be related to functions of this DNase in S. gordonii and in

dental plaque.

Finally, this research showed that the activity of bacterial DNases may differ
depending on the producing species. Future studies should therefore find out if
there are any differences between the activity of DNases produced by bacteria
classified as pathogens and those come from commensal oral bacteria. Such
differences could reveal the contribution of native DNases to pathogenicity. Of
interest is the effect of native DNases on NETs which are thought to play a crucial
defence role against bacterial invasion and were abundant in disease periodontal
sites (Vitkov et al., 2009). DNases from periodontal bacteria were reported to
degrade NETs suggesting that these DNases might be associated with

pathogenicity (Palmer et al., 2012). Inhibitors of bacterial DNases have been
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recently developed to reduce the virulence of species such as S. pyogenes and S.
pneumoniae (Sharma et al., 2019). The DNase activity of periodontal bacteria
could be inhibited in a similar way to treat periodontitis. However, the
impairment of NETs clearance in inflammatory diseases including periodontitis
could also contribute to tissue damage by triggering an autoimmune response
(White et al., 2015). The modulation of DNase activity in dental plaque is
therefore an area of future investigations and could contribute to the

development of alternative therapeutic approaches for periodontitis.
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