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Abstract 

The overall objective of this study was to increase our understanding of the compositional 

changes in dental plaque biofilms during and after the application of antimicrobial agents.  

Dental plaque contains thousands of species, and is a causative factor in dental caries and 

periodontal disease.  Culture techniques identify only a fraction of species present as many 

are currently unculturable, but the development of molecular techniques such as 

“checkerboard DNA:DNA hybridisation” (CKB) has allowed for more comprehensive 

evaluations of plaque species.  In this thesis, checkerboard DNA:DNA hybridization was 

established and refined with a panel focussed on cariogenic microbes.   

In a preliminary clinical study, plaque from five oral sites was collected from 24 five-to-six 

year-old Christchurch children, eight caries-free (decayed, missing or filled deciduous 

teeth (dmft) = 0), 16 with high caries (dmft ≥5) and analysed by CKB. There were a 

number of caries- and site-specific composition differences with high-caries children 

having high levels, at specific oral sites, of Candida albicans and Lactobacillus fermentum 

compared to caries free children along with various other bacteria not normally associated 

with caries. Bacteria present at higher levels in caries-free children included most of the 

anaerobes in the CKB panel, but also Streptococcus mutans and Lactobacillus acidophilus. 

There appears to be a complex site-specific bacterial relationship to dental caries with a 

number of species, two in particular (Haemophilus parainfluenzae and Selenomonas noxia), 

associated with either high levels of caries or a caries-free state depending on the oral site 

sampled.   

In laboratory antimicrobial investigations, dental plaque microcosms grown in an 

“artificial mouth” were treated with antimicrobials and analyzed by CKB to determine 

species profiles, with sampling immediately after treatment (day 11 or 15 of culture) then 

after subsequent regrowth for 7 or 15 days.   The initial experiment investigated the 

application of the commercial mouthwashes Listerine, Plax, Savacol and Oral B to pre-

formed (day 3) plaques. Subsequently, the effects of Listerine, chlorhexidine, and Savacol 

applied from shortly after inoculation (day 0) or to three-day-old pre-formed plaques were 

investigated.  Plaque wet weights were determined daily to track changes in plaque 

biomass and CKB  results were subjected to principal component analysis (PCA) and 

analysis of variance (ANOVA) to determine the significance of any changes observed. 
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Oral B had no detected effect on growth.  The treatment effects of Plax (triclosan) Savacol 

(containing chlorhexidine) were similar, with immediate growth suppression and minimal 

changes in the CKB-based biofilm species composition during treatment compared to the 

controls. Listerine allowed composition changes during treatment and the microcosms 

contained more viable organisms. Stringent antimicrobials that strongly inhibited plaque 

growth prevented changes in the plaque microbiota by CKB analysis, but resulted in 

greater changes than in the Listerine-treated plaques during regrowth.  These plaques 

tended to contain higher levels of pathogens at the end of the experiment.   Saliva donor 

effects complicated the statistical analysis of inter-experiment species changes as the 

species composition changes in the biofilms appeared to be affected by the composition of 

the saliva inoculum, which depended on the donor used.   
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Chapter 1:  Introduction 

 

1.1 Overall Objectives, Hypotheses and Thesis Organization 

The overall objective of this study was to increase our understanding of the compositional 

changes in dental plaque biofilms during and after the application of certain antimicrobial 

agents.  The development of a caries-focussed panel for checkerboard DNA:DNA 

hybridisation (CKB) was the first specific objective.  This technique was then used to assess 

changes in key members of the plaque microbiota.  Its usefulness was investigated in a pilot 

study of key species differences in caries free and high-caries children.   CKB analysis was 

then applied to investigate changes in artificial mouth microcosm plaque species as a result of 

the application of antimicrobials, both throughout growth and to 3-day preformed plaques 

with a particular focus on the effects on post-treatment regrowth.  

 

1.1.1 Specific Aims  

(1) To develop, validate and optimise checkerboard DNA:DNA hybridisation technology 

to identify and quantify key dental plaque species present in both in vivo plaque and 

in vitro microcosm  plaques cultured in a model artificial mouth. 

(2) To establish the suitability of this methodology for quantifying putative caries 

pathogens in a pilot clinical study of caries in school children. 

(3) To investigate changes in plaque composition during the treatment and recovery 

phases of experiments with key oral antimicrobials.  

(4) To test hypotheses relating to likely changes in species composition due to the 

application of antiplaque/ antibacterial agents to plaque biofilms.  

 

1.1.2 Hypotheses Relating to Species Composition Changes during Plaque 

Development 

Dental plaque, a biodiverse, complex microbial biofilm changes its composition and 

pathogenicity in response to environmental signals according to “the ecological plaque 

hypothesis” (Marsh et al., 2011).  Application of antimicrobial agents or other environmental 

perturbation events may suppress pathogenicity, but when conditions revert to normal, these 

pathogenic properties often reappear (Emilson, 1994).  The following specific hypotheses that 

could explain this that were investigated in this study were:  
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 (i) Functional replacement, where antimicrobial treatment suppresses the existing 

pathogens, but allows the emergence of another set of bacteria with equivalent 

functional properties (e.g. cariogenic potential). 

(ii) Functional shift, where the species balance of the plaque is altered to either reduce 

or enhance the pathogenic potential of the plaque.  This is likely to occur by 

altering the proportions of putative pathogenic and commensal microbes. 

 (iii) Reinfection from sources external to the plaque (von Troil-Linden et al., 1996).  This 

hypothesis was not examined in these experiments. 

 

These hypotheses are not mutually exclusive and the final outcome of antimicrobial 

treatment is likely to involve a combination of these and possibly other outcomes.  Using 

the in vitro microcosm plaque system already developed, it was proposed to investigate the 

degree to which these hypothesized mechanisms may apply in the defined experimental 

environments of microcosm plaques in the ‘Multiplaque Artificial Mouth’ (MAM).   

 

 

1.2 Dental Plaque as a Complex Biofilm 

 

Dental plaque is a complex microbial biofilm on hard oral tissues (teeth). It is composed of 

between approximately 400 and 1,000 microbial species in a human microbiome of many 

thousands of species (Keijser et al., 2008; Moore and Moore, 1994; Paster et al., 2001; 

Zaura et al., 2009).  A recent deep sequencing experiment has indicated that each 

individual person’s microbiota is very different in the species and strains present (Zaura et 

al., 2009), although due to the limitations of standard microbial culture techniques most of 

these species have never been grown in culture (Olsen et al., 2009).   

Horizontal gene transfer between species in dental plaque is ubiquitous and substantial, 

and provides a mechanism to greatly increase its biodiversity at an individual organism 

level.  DNA sequences, usually around 1 to 2 kb in size are “shared” between microbes of 

the same or different species by transformation, transduction or conjugation (Ehrlich et al., 

2008; Hall et al., 2010; Marsh et al., 2011).  This movement of DNA provides plaque 

microbes with genetic material that may allow them to adapt quickly to environmental 

challenges, possibly surviving or producing very different disease phenotypes (Buchinsky 

et al., 2007). 
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This highly biodiverse microbiota is organised into integrated communities, with a 

complex micro-heterogeneous architecture that is oral and dentition location-specific 

(Kolenbrander et al., 2010; Mager et al., 2003; Marsh et al., 2011).  Dental plaque biofilms 

include microcolonies, interspecies structures, channels and pores (Marsh, 2005; Marsh et 

al., 2011).  They inhabit a sheltering heterogeneous extracellular matrix gel containing 

polysaccharides, proteins and DNA of microbial origin (Flemming et al., 2007) which 

provides protection from environmental insults and the activity of anti-microbial agents 

while influencing the movement and diffusion behaviour of molecules within the biofilm 

(Marsh et al., 2011; Stewart, 2002).  Gradients of nutrients, pH, oxygen and microbial 

metabolic by-products are established (Fux et al., 2005) providing micro-environments 

that allow microbes of different growth requirements to co-exist in close proximity (Marsh 

and Bradshaw 1999).  The mixed species composition of dental plaque allows the biofilm 

members to break down complex macromolecules such as mucin, into constituent 

components such as simple sugars, constituent amino acids and terminal breakdown 

products such as methane, hydrogen, ammonia, carbon dioxide and water (Marsh et al., 

2011).  As the individual species in the biofilm are generally unable to metabolise the 

complex molecules in saliva, this synergy is essential for maintaining microbial growth.  

Quorum sensing systems such as two component signal transduction systems allow for co-

operation between different species.  One function of these systems is to allow the break-

down and release of microbes from the biofilm in the case of environmental disturbance 

(Marsh et al., 2011).   

Tolerance of antimicrobial agents is substantially increased, between about 10 and 1,000 

fold, for microbes living within a biofilm as opposed to those in planktonic culture (Marsh 

et al., 2011; Wilson, 1996) and living in a mixed species biofilm such as dental plaque 

provides community members with increased protection from these agents.  Biofilm depth 

is generally up to 0.3 mm with the depth limited by abrasion and oral hygiene.  In extreme 

cases of poor oral hygiene, this can increase up to 3 mm in interproximal spaces (Loesche, 

2007).   

The plaque environment is bathed in fluctuating oral fluids – saliva and gingival crevicular 

fluid with their corresponding nutrients and defensive systems (Marsh et al., 2011).  

Supragingivally, saliva flows across tooth surfaces in thin (100 µm) laminar films (Dawes, 

2008).  Subgingivally, gingival crevicular fluid (GCF) flows from the base of the roots to 

the gum line.  Ingested food is a major periodic environmental factor and critical in dental 
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caries etiology (Burne, 2000; Marsh and Martin 1999; Takahashi and Nyvad, 2008).  

Modelling and controlling relevant oral environments in vitro is a key aspect of the 

“Multiplaque Artificial Mouth’ (MAM) experiments in the studies in this thesis. 

 

1.3 Dental Plaque Growth and Development 

Dental plaque development has been extensively studied in both in vivo (Wood et al., 

2000; Zijnge et al., 2010) and in vitro model systems (Filoche et al., 2007; 2010; 

Kolenbrander et al., 2002; 2010; Marsh, 2004; Sissons, 1995).  These and many other 

studies have provided a solid overview of surface colonisation and the inter- and intra-

genus and species interactions required for plaque growth and development.  Discussion 

here will focus on dental plaque biofilms that form on hard tooth surfaces. 

Clean tooth surfaces quickly become conditioned with a number of protein and mucin 

based molecules that form a pellicle layer that provides the initial attachment sites for the 

primary bacterial colonisers (Lendenmann et al., 2000).  Bacteria forming dental plaque 

can generally be divided into two groups, the early colonisers and the late colonisers 

(Kolenbrander et al., 2002; 2010, Fig. 1.1).  Composed mainly of viridans Streptococci, 

(Jenkinson and Lamont, 2005; Kolenbrander et al., 2010) with Streptococcus gordonii 

frequently the predominant species, the primary colonisers adhere to molecules within the 

acquired pellicle.  Streptococci exhibit extensive inter-generic coaggregation abilities, and 

as a result provide anchor points for significant numbers of other species of early plaque 

colonisers such as Haemophilus parainfluenzae, Propionibacterium acnes and 

Eikenella corrodens.  Most of the early colonisers will only coaggregate with a specific 

subset of other early colonisers and few, if any of the late colonisers (Kolenbrander, 2000; 

Kolenbrander and London, 1993; Whittaker et al., 1996).  Other species, such as 

Veillonella atypica, Prevotella loeschii and Actinomyces naeslundii, also attach to the 

viridans Streptococci and interact with Fusobacterium nucleatum, a particularly important 

species in dental plaque.  F. nucleatum is the most numerous Gram negative species seen 

in healthy plaque with many of the late colonisers (Treponema denticola and 

Porphyromonas gingivalis) unable to colonise plaque unless it is present (Kolenbrander et 

al., 2002, Socransky et al., 1998).  As both early and late colonizing species will 

coaggregate with F. nucleatum, it provides a bridge between these groups and also within 

the late colonisers (Kolenbrander et al., 2002; 2010). 
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1.4 Dental Diseases and the Ecology of Dental Plaque  

In a healthy mouth, dental plaque is in a state of homeostasis with commensal and beneficial 

microbes predominating in the biofilm.  Few changes are seen in the climax community of 

plaque microbes over time with the species in an individual’s plaque remaining fairly 

constant in any particular site (Marsh, 2003; 2006).  Shifts in this homeostasis, generally 

driven by habitat changes such as increased dietary sugars, increased biofilm mass due to 

irregular or insufficient oral cleaning or an increased host inflammatory response have the 

ability to drive the plaque from a commensal state to one that will induce and support disease 

(Filoche et al., 2010; Jenkinson and Lamont, 2005; Marsh, 1999).   

A lowering of plaque pH will follow the metabolism of increases in dietary sugars.  Frequent 

exposure to dietary carbohydrates, particularly to simple sugars will encourage the growth 

of acidogenic and aciduric species such as Streptococcus mutans, Streptococcus oralis, 

Streptococcus mitis, Streptococcus anginosus, Rothia, Actinomyces, Lactobacillus and 

Bifidobacterium species and Candida albicans (Becker et al., 2002).  Continued exposure 

to sugars and carbohydrates once these species have established dominance in the plaque 

Figure 1.1 Species associations in dental plaque.  Early colonizers, particularly S. oralis, S. sanguinis, 
S. gordonii and S. mitis adhere to sites in the acquired salivary pellicle that coats tooth surfaces.  
Secondary colonizers such as E. corrodens and P. acnes attach to the primary colonizers, providing sites 
for other organisms to bind to.  Aggregation between species can be quite specific (see text).  
F. nucleatum (14) forms a bridge between the early colonizers and the late colonizers.  This species is one 
of only a few that will coaggregate with most if not all other oral species and plays an important role in 
plaque growth and development.  (Figure from Kolenbrander et al., 2010). 



Chapter 1 Introduction 6 

 

biofilm will lower the plaque pH, and this, along with poor oral hygiene practices and a 

low socio-economic status (SES) level will encourage the onset and development of dental 

caries (Bowden, 1990; Loesche, 1986; Marsh, 1999; Takahashi and Nyvad, 2008; Fig 1.2A).   

Gingivitis refers to the inflammation of the gingiva and surrounding connective tissue and 

is generally caused by an accumulation of plaque at the gingival margin with a concurrent 

increase in plaque pH above the normal range, usually considered to fall between 6.75 and 

7.25 (Marsh 2003; 2006). This pH response is frequently caused by a host inflammatory 

response and is associated with a shift to a more Gram negative, anaerobic plaque.  As a 

result of the inflammatory response, the flow of gingival crevicular fluid (GCF, a rich serum-

like exudate) increases and encourages the growth of Gram negative obligate anaerobes such 

as Prevotella intermedia, Aggregatibacter actinomycetemcomitans, Porphyromonas 

gingivalis and Treponema species, all of which are strongly associated with periodontal 

disease (Lang et al., 2009; Marsh 2003; Socransky et al., 1998; Socransky and Haffajee, 

2005; Fig 1.2B).  Periodontitis is a progression from gingivitis and involves the destruction 

of soft tissues surrounding the tooth, loss of attachment between the tooth and surrounding 

tissues and the appearance of periodontal pockets. 

 

 

 

 

 

 

 

 

 

The perceptions that particular environmental conditions potentially lead to either dental 

caries or periodontal diseases gave rise to two hypotheses relating the plaque microflora 

composition to caries or periodontal disease.  Loesche (1976) proposed the “specific plaque 

hypothesis” according to which only a small number of species present in plaque are 

responsible for directly causing disease.  While this hypothesis focussed study on the control 

Figure 1.2 Dental caries and periodontitis.  The image on the left (A) shows advanced carious lesions in 
adult dentitions requiring extensive restoration or removal.  These lesions are most likely caused by a dental 
plaque rich in cariogenic species (mutans Streptococci and Lactobacilli) as a result of a diet rich in 
fermentable sugars.  Panel (B) shows advanced periodontitis.  Note the receding gum lines with the roots of 
the teeth exposed along with significant swelling and inflammation of the gums.   
Photos are from the TW Cutress photo archive of the Dental Research Group. 

A B 
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of specific microbial species believed to be responsible for the disease, it does not provide the 

complete picture.  In such a complex microbial ecosystem as dental plaque, the emphasis on 

just one or a few species is most unlikely to provide the answers needed to fully understand 

the disease process.  

The mutans streptococci, although frequently implicated in the onset and development of 

dental caries, are not always associated with carious lesions (Beighton, 2005; Brailsford et al., 

2001; Marsh and Bradshaw, 1999, Preza et al., 2008; Sansone et al., 1993).  Mutans 

streptococci also persist in dental plaque showing no evidence of demineralisation of the 

underlying enamel, indicating that the presence of these species alone is not enough to cause 

dental caries (Bowden et al., 1976; Marsh et al., 1989).  There are however, some key 

differences between the species composition of plaque samples taken from intact enamel in 

healthy subjects from subjects suffering from caries, with several species, including 

Actinomyces gerencseriae, Bifidobacterium sp., S. mutans, S. constellatus, Veillonella sp. and 

Lactobacillus fermentum more typically associated with childhood caries (Aas et al., 2008; 

Becker et al., 2002; Kanasi et al, 2010).   

The “non-specific plaque hypothesis” proposed by Theilade (1986) maintains that plaque as 

a whole may become pathogenic and also recognised that plaque is a microbial community 

rather than simply a collection of bacterial species.  It stated that dental diseases were the 

result of the interaction of all species within the plaque biofilm.  However this hypothesis 

could not account for why a subset of species were consistently associated with and recovered 

from disease sites. 

While both hypotheses offered an increased insight to dental diseases, neither hypothesis fully 

explained the onset and progression of dental caries or periodontitis.  Microbial populations 

from diseased sites have been consistently observed to be significantly different from those 

associated with healthy plaque (Becker et al., 2002; Colombo et al., 2009; Corby et al., 2005; 

Paster et al., 2001; Socransky et al., 1998). 

The failure to isolate known pathogens from healthy plaque by conventional culture 

techniques has led to the assumption that the disease-causing species were most likely not 

present in healthy plaque, and would need to be acquired from exogenous sources for disease 

to occur.  Molecular typing has shown that species transfer between individuals can occur, 

most likely between closely related people with transfers between mothers and children and 

spouses or other intimate partners being most common (Asikainen and Chen, 1999), lending 
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Figure 1.3 Microbial shifts from health to disease. Organisms that promote disease (grey shapes) can 
be present in healthy dental plaque at very low levels or can be transmitted in low numbers from 
other sites.  In response to an environmental stimulus these levels may increase to become 
predominant in the biofilm and cause disease. (Figure from Marsh, 2003).  

strength to this argument.  The more recent application of highly sensitive molecular typing 

tools such as enzyme-linked immunosorbent assays (ELISA), polymerase chain reaction 

(PCR) or oligonucleotide probe techniques have indicated that recognised pathogenic species 

are frequently present in healthy plaque although often at very low levels (Di Murro et al., 

1997; Greenstein and Lamster, 1997; Kisby et al., 1989; Marsh, 2003; 2006; Socransky et al., 

1999; Tanner et al., 2011). 

 

1.4.1 The Ecological Plaque Hypothesis 

It is now widely accepted that plaque-mediated diseases such as dental caries and periodontal 

disease develop from an imbalance within the resident microflora resulting in increased levels 

of pathogenic species to the detriment of other more health compatible species (Marsh, 2003).   

The ecological plaque hypothesis states that for the low levels of either endogenous or 

exogenously acquired pathogens to be able to out-compete the established microflora and 

achieve the numerical dominance required to cause disease requires a major shift in the 

plaque ecology which is usually driven by an environmental change (Fig. 1.3; Marsh, 2003).  

In the case of dental caries this environmental change is usually an increase in the frequency 

or duration of exposure to fermentable dietary sugars, which cause a drop in plaque pH as 

they are fermented by plaque bacteria (Fig. 1.4a).  This leads to an ecological shift in the form 

of a relative increase in the acidogenic and aciduric species, mainly mutans Streptococci and 

Lactobacillus species, which lower the pH levels further.  Acid demineralisation of tooth 

enamel and development of dental caries follows.   
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In periodontal disease, an increase in plaque biomass can trigger a stress response in the 

underlying gum tissue causing gingival inflammation.   This inflammatory response can 

result in the formation of a periodontal pocket (Fig. 1.4b).  These pockets are a highly 

anaerobic environment with an increased gingival crevicular fluid (GCF) flow caused by the 

inflammation.  This change in both the physical and nutrient environment promotes a change 

in the plaque species composition in the biofilm with Gram negative anaerobic species of 

genera such as Prevotella, Porphyromonas, Fusobacterium and Treponema becoming more 

dominant at the exclusion of much of the Gram positive microflora (Marsh, 2003). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Understanding the microbial relationships in oral health and disease, and the response of 

the plaque microbiota to the application of antimicrobial agents such as mouthwashes will 

allow for more appropriate and effective treatment of these oral diseases.  Manipulating 

the oral microbial ecology to encourage a movement toward a community compatible with 

oral health is likely to reduce both dental caries and periodontal diseases in otherwise 

healthy subjects. 

Figure 1.4 The ecological plaque hypothesis.  This hypothesis provides an explanation for the 
development of the two distinct disease states, dental caries or periodontal disease, either of 
which can arise from the same base biofilm population.  Disease progression and development will 
depend on which members of the microbial community can attain predominance in the biofilm.   
(Figure from Marsh, 2003). 
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1.5 Dental Caries and Human Health  

Dental caries affects nearly all adult humans in most countries globally and poor oral health 

has significant effects on general physical health (Petersen et al., 2005).  Dental diseases 

(caries and periodontitis) have considerable impact on the general health and well-being of 

sufferers as result of impairment of function and reduced quality of life, not to mention the 

pain, suffering and expense they cause.   

Dental caries (tooth decay, Fig. 1.2A) is still one of the most wide-spread human diseases, 

and when left untreated leads to tooth loss.  Dental caries is recognised clinically as a 

cavitation on the tooth surface, and reflects acellular responses of the teeth to the bacterial 

challenge (Fejerskov and Kidd, 2003).  In terms of caries aetiology, the direct cause of 

dental caries is a cariogenic plaque, with the metabolism of carbohydrate by the plaque 

microbiota resulting in acidification of plaque (pH <5).  This causes an acid-induced 

demineralization of enamel and dentine, resulting in cavitation (Beighton, 2005; Marsh, 

2006) which is a late event in the pathogenesis of decay.  In the United States, early 

childhood caries affects nearly 30% of the population, particularly among disadvantaged 

ethnic and socio-economic groups (Beltran-Aguilar et al., 2005).  Childhood caries rates in 

New Zealand vary with socio-economic conditions and are particularly high in un-

fluoridated areas where 5 year olds may have 50% or more dmft (Lee and Dennison, 2004). 

Over the last few decades, the use of fluoride has helped to reduce the amount of tooth decay 

substantially, with children living in areas with fluoridated water generally having lower 

levels of decay than those living in areas without fluoridated water (Treasure and Dever, 

1994; Armfield, 2005; Bailie et al., 2009; Kirkeskov et al., 2010).  Water fluoridation has 

been described as possibly the most cost effective public health measure for reducing dental 

caries (Levy, 2003; Splieth and Flessa, 2008). 

General dental health in New Zealand has improved substantially since the late 1980s, for 

example the number of caries-free 12-13 year olds has nearly doubled from 28.5% in 1988 to 

51.6% in 2009, with DMFT rates (decayed, missing or filled permanent teeth) in this age 

group decreasing from 2.4 to 1.3 teeth over this time period (Ministry of Health, 2010).  

However, despite this improvement, caries rates in New Zealand remain relatively high, with 

dental decay the most prevalent chronic disease in this country.  Significant disparities exist in 

oral health in New Zealand, with Maori, Pacific Islanders and people living lower socio-

economic communities either having poorer access to dental health services or not regularly 
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accessing the services available (Ministry of Health, 2010).  This survey also found age and 

edentulism were strongly related with nearly 40% of adults aged 75 years and older having 

lost all their teeth.  Root caries are a significant issue for the dentate elderly with nearly 30% 

suffering from untreated root caries. 

In general, many New Zealanders are not accessing dental care regularly, with 55.3% feeling 

they did not see a dental professional often enough, and nearly 46% feeling they currently 

require dental treatment (Ministry of Health, 2010). 

Treatment of dental caries has primarily involved the restoration of the tooth surface by 

removal of the decayed tooth material and replacing this with either a mercury amalgam 

(silver) or epoxy resin based (white) restoration.  Diseases below the gum line have been 

treated by physically removing the biofilm in conjunction with topical or systemic antibiotic 

therapy, typically with mixed success.  Without addressing the underlying causes of the 

pathogenic nature of the plaque by encouraging an environmental change to promote the 

return of a health compatible oral microflora, dental caries or periodontal disease (Hussein et 

al., 2007) will most likely return.   

 

 

1.6 The Health Significance of this Study 

There is also a growing body of evidence indicating causative relationships between oral 

bacteria and systemic diseases such as heart and kidney disease, and bacteria normally 

associated with the oral cavity have been isolated from infected heart valves (Cunha et al., 

2010; Nakano et al., 2006) and have also been implicated in cases of rheumatic fever.  Caries 

and periodontal diseases place a considerable burden on a country’s economy and public 

health system with between 5 and 10% of the public health expenditure in developed 

countries spent on oral health (Petersen at al., 2005).   

New Zealanders spend on average approximately 20% of their personal health budget on 

dental care, at a cost of $171 million per year (New Zealand Yearbook 1994).  Dental 

diseases, caries and periodontitis, while declining (Ministry of Health, 2010) are still prolific, 

and cause substantial morbidity to those who are affected.  While treatment options have 

improved, these are still predominantly “restorative” in nature.  Anecdotal evidence would 

suggest that most of the public health messages regarding oral health are delivered by oral 

hygiene companies while marketing their products.  The number of Dental Therapists 
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working in New Zealand has dropped over recent years, and children (in particular) are not 

able to be seen and treated as frequently as in the past.  When they are finally seen, the 

treatment required is often more substantial than it would have if they had been seen earlier.  

The situation for adult (18+) oral health in New Zealand is very dependant on age, race and 

socio-economic status (Ministry of Health, 2010), and government attention and resources are 

negligible.  With increased retention of teeth by the elderly, a large and increasingly unmet 

need for treatment is becoming evident.  In order to stop or even slow a potential oral health 

epidemic, greater understanding of disease processes is required to identify those most at risk, 

and to apply the most appropriate treatment early enough in the disease process to minimise 

damage to the dentition (Caufield et al., 2001; Petersen et al., 2005). 

To do this we must have a much greater understanding of the process and the microbes 

involved in dental caries.  We must also understand how the application and withdrawal of 

commonly used antiplaque treatments affect the plaque ecology, and particularly how it 

affects microbes implicated or associated with the caries process. 

 

 

1.7 Anti-Microbial Resistance of Dental Plaque Biofilms as a 

Function of their Structure and Physiology 

Plaque structure and physiology will affect the penetrance and effectiveness of 

antimicrobial agents, particularly limiting their effectiveness against plaque microbes 

(Robinson et al., 2006, Stewart et al., 2002).  Any reduction in the effectiveness of a 

topically applied treatment agent will have a negative impact on the successful outcome of 

treating dental diseases. 

1.7.1 Effects of Applying Anti-microbial Agents to Plaque Biofilms 

In vitro approaches to study the effects of antimicrobial agents on plaque and plaque 

bacteria range from the simple to the quite complex.  Very simple (non-biofilm) 

experiments include pure suspension cultures of a plaque species or plaque, challenged 

with varying concentrations of the antimicrobial agent, or plated onto agar plates 

containing antimicrobial agents to determine minimum inhibitory concentration (MIC) 

values.  Intra-oral appliances have been used where it would be difficult to justify and 

obtain ethical approval for in vivo experiments that require the experimental subjects to be 
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exposed to experimental conditions such as frequent exposure to high levels of sugar or 

antimicrobial treatments (Dige et al., 2009; Sousa et al., 2009; von Ohle et al., 2010).  

Their use has allowed such studies to proceed.  The appliances are removed from the 

mouth for treatment and sampling. 

Previously, experiments have been carried out in the MAM (Chapter 2) to investigate and 

confirm the suitability of this system as a model system for investigating the effects of 

applying antimicrobial treatments to dental plaque.  Sissons et al. (1995) cultured a series 

of microcosm plaques and applied methyl-4-hydroxybenzoic acid (methyl paraben) to one 

of the plaques over a nine day period.  Methyl paraben is commonly used as an 

antibacterial preservative and 3.75 mL of a 0.2% (w/v) solution was applied to the plaque 

over a 15 minute period every 4 hours with applications timed to start 45 minutes before 

and 3.25 hours after the 8 hourly sucrose applications.  This application regime was 

selected to allow the total saturation of the plaque biofilm with excess reagent to ensure 

complete treatment of the total plaque biomass and was the standard treatment application 

regime used in this study.  In the Sissons et al. (1995) study there was a marked inhibition 

of the plaque for a period of 3 days followed by a normal growth rate, suggesting that 

selection for resistance had occurred.  This study concluded that the plaque microcosm 

biofilms cultured in the MAM were indeed a suitable tool for investigating the effects of 

applying antimicrobial agents to plaque biofilms. 

A subsequent study (Sissons et al., 1996) followed that investigated the effect of ethanol 

applications to plaque microcosms.  Ethanol is commonly used as a disinfectant with 

concentrations of 5 to 10% usually bacteriostatic and 15% solutions usually bacteriocidal 

(Koshiro and Oie, 1984; Ingram and Buttke, 1984; Ingram, 1990).  Listerine (Warner-

Lambert Co., Morris Plains, NJ.) contains 27% (v/v) ethanol primarily as a solvent for the 

essential oil active ingredients.  When ethanol of this concentration was used as a 

mouthwash there was no evidence of a reduction in plaque growth or gingivitis over a nine 

month period (Gordon et al., 1985).  Sissons et al., (1996) demonstrated that 3.75 mL of 

40% (v/v) ethanol applied over 15 minute periods every 4 hours strongly inhibited plaque 

growth, but approximately half this amount (1.5 mL over 6 minutes) did not.  This study 

also showed that the same treatment conditions using 20% ethanol also significantly 

suppressed plaque growth while 10% either did not suppress growth or possibly stimulated 

it.  It was hypothesised that the depth of the plaque matrix (1-2 mm) was slowing the 

diffusion of the ethanol enough to allow the plaque bacteria to express the heat-shock 
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adaptive response induced by the ethanol concentrations (Boutibonnes et al., 1991; Piper et 

al., 1994).  This study also confirmed the suitability of the MAM for studying plaque 

responses to the application of antimicrobial agents, and validated the treatment regime 

that became the basis for future antimicrobial treatment experiments in this laboratory. 

In this study, microcosm plaques were subjected to the same experimental treatment 

application regime (3.75 mL of agent applied over 15 minutes every four hours).  The 

plaque growth rate responses, species composition changes, and other physiological and 

structural changes to the plaques were investigated. 

 

1.7.2 Potential Mechanisms for Plaque Resistance to Anti-microbials 

The physiology of bacteria in biofilms is markedly different when compared to the same 

strains in planktonic culture with complete enzyme suites differentially expressed between 

these two growth modes (Cotter et al., 2009; Seckbach et al., 2010), communication using 

quorum sensing molecules occurs and mixed community biofilms can allow for the 

breakdown of complex organic molecules that the individual species would be unable to 

process in pure culture (Beighton, 2005).  As a result, nutrient sources can be utilized that 

would be otherwise unavailable to these microbes.  Biofilms also provide the resident 

microbes with a number of environmental advantages over planktonic cells, including 

providing a significantly increased resistance to the application of anti-microbial agents 

(Filoche et al., 2010; Kolenbrander et al., 2010).   

An inherent property of microbial biofilms, both mono-culture and mixed species biofilms, 

is their ability to survive significantly higher concentrations of anti-microbial agents than 

the same microbes in planktonic culture (Hansen et al., 2000; Hawser and Douglas, 1994; 

Nett et al., 2010) with this increased recalcitrance to removal and killing by antimicrobial 

agents enhanced in multi-species biofilms versus the same species in mono-culture 

biofilms (Burmølle et al., 2006).  This increase in recalcitrance has been estimated at 1,000 

fold over the equivalent free-living organisms (Wilson, 1996), and is independent of 

resistance mechanisms such as efflux pumps and modifying enzymes.  Sensitivity is 

quickly returned to microbes protected from anti-microbial agents while in a biofilm state 

upon biofilm dispersal (Anderl et al., 2000; Schembri et al., 2003).   

This increased biofilm resistance has been attributed to four principal mechanisms; 

significantly reduced penetrance of the agents into the biofilm, adaptive stress responses of 
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the resident cells, limited nutrients driving slow biofilm growth, and the appearance of 

“persister” cells (Stewart, 2002; Lewis, 2010). 

 

1.7.2.1 Reduced Anti-microbial Penetrance  

Delivery of both nutrients and anti-microbial agents into the depths of a biofilm are limited 

by the speed at which they can diffuse through the biofilm matrix which forms a physical 

barrier to diffusion (Anderson and O’Toole, 2008).  Small molecules generally diffuse 

through the matrix faster than large ones, with the exo-polysaccharide (EPS) layer forming 

a physical as well as electro chemical barrier to diffusion.  The mostly negatively charged 

EPS will bind positively charged molecules such as aminoglycoside antibiotics and CHX, 

preventing them from reaching and interacting with their target cells in the inner regions of 

the biofilm (Mulcahy et al., 2008) and providing protection against the killing action of 

molecules such as complement (Simmons and Dybvig, 2007). 

 

1.7.2.2 Nutrient Limitation 

The physical and electrochemical barriers that slow or prevent anti-microbial substances 

from diffusing through the matrix also affect nutrient and gas diffusion (Fux et al., 2005).  

Deeper layers of the biofilm are usually nutrient depleted and anaerobic with cellular 

metabolism frequently extremely low as a consequence of nutrient limitation.  This limits 

the growth potential which is one factor that provides cells with protection against many 

anti-microbial agents (Klapper et al., 2007), coupled with the limited diffusion of the 

agents into the matrix which greatly reduces their effectiveness (Gilbert et al., 1997).  

Many antibiotics kill only actively growing cells, so even if they can penetrate the depths 

of the biofilm at sufficient concentrations, the resident cells may be growing too slowly for 

the antibiotic to be effective.  Conversely, cells at the growing front of a biofilm tend to be 

more metabolically active, and as a consequence are more susceptible to any anti-

microbial agent applied.  Oxygen and pH gradients in biofilms have also been noted to 

negatively affect antibiotic efficacy even when the microbes challenged are capable of 

growing under the conditions faced (Retsema et al., 1991; Tack and Sabath, 1985; 

Venglarcik et al., 1983). 
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1.7.2.3 Adaptive Stress Responses 

Many stress responses to environmental changes such as abrupt temperature changes, 

starvation, DNA damage and anoxia have been studied in detail in planktonic cells (Matin, 

1991; Poolman and Glaasker, 1998; Storz and Imlay, 1999).  There is evidence that similar 

stress responses are also deployed in biofilms during environmental challenges (Weber et 

al., 2010).  The key difference between the effectiveness of these responses between the 

two states may be that the biofilm cells are at an advantage as the concentrations of the 

anti-microbial increase at a slower rate due to the retarded diffusion of the substance into 

the biofilm (Fux et al., 2005).  This would provide the biofilm cells with sufficient time to 

express any appropriate stress responses, where planktonic cells are simply overwhelmed 

before the stress response can be activated (Ciofu and Tolker-Nielsen 2011; Elkins et al., 

1999; Bagge et al., 2000). 

Cells in mixed species biofilms are at a much closer proximity to cells of other strains or 

species than the same cells would be in suspension.  This allows for higher levels of 

horizontal gene transfer and DNA recombination between neighbouring cells which can 

provide the microbes within the biofilm with the necessary tools to code for new or more 

effective stress responses and other defences against antimicrobials such as degradative 

enzymes (Palmer et al., 2010; Schjørring and Krogfelt, 2011).  Anti-microbial selection 

will provide the pressure required for selecting traits that provide an increase in fitness, in 

this case an increased ability to survive or grow in the presence of the anti-microbial agent 

applied to the biofilm. 

 

1.7.2.4 Persister Cells 

There has been a growing awareness of a small percentage of cells within a biofilm that, 

while genetically identical to other cells of the same species, exhibit a distinct phenotype.  

These cells appear to be exclusive to the biofilm and are not seen in planktonic culture and 

have been designated as “persister” cells (Bigger, 1944; Lewis, 2010; Percival et al., 2011).  

It is estimated that persister cells make up between 0.1 and 10% of the live cells in a 

biofilm with this proportion increasing along with the age of the biofilm and also upon the 

application of anti-microbial treatments.  Persister cells neither grow nor die in the 

presence of anti-microbial agents, exhibiting a multi-drug resistance phenomenon.  This 

drug-resistant phenotype is atypical in that the cells do not express enzymes such as β-
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lactamases to degrade the drugs or carry mutations such as the rpsL mutation in E. coli that 

confer drug resistance by altering the intracellular drug target.  The exact mechanism of 

this phenotype is unclear, it is speculated that these cells enter a growth phase exhibiting 

very little, if any metabolic activity.  One hypothesis for this phenotype suggested that 

protein miss-folding, leading to a loss of function, lead to stasis (Vazquez-Laslop et al., 

2006).  Another study has shown this to be unlikely as few persister cells can be isolated 

from early exponential phase growth with their formation rising sharply around mid-

exponential phase (Keren et al., 2004).  This finding suggests that persisters form through 

a dedicated pathway or pathways rather than through random mistakes that are likely to 

occur at similar frequencies in all phases of the growth cycle (Lewis, 2010).  A screen to 

identify candidate genes in E. coli knockout library (Hansen et al., 2008) identified a 

number of candidate genes, mostly global regulators that appeared to be involved in 

persister formation.  This study also suggested that there was a high level of redundancy in 

the persister pathway, a finding also seen in P. aeruginosa (De Groote et al., 2009), 

suggesting the persister phenotype is an important one for the survival of the species   

The persister cells survive prolonged applications of anti-microbial agents, and once 

treatment has ceased some of the persister cells will revert to a normal growth phenotype 

to reseed the biofilm, allowing it to re-grow.  Persister cells are believed to be the major 

factor determining the recalcitrant nature of medically relevant biofilm infections (Lewis, 

2010).  It has been hypothesised that a possible course of treatment for recalcitrant biofilm 

infections is to cycle periods of antibiotic treatment with periods where treatment is 

withheld.  During treatment, the majority of the cells will be killed, with only the persister 

cells remaining viable.  Once treatment ceases, a number of these will switch phenotypes 

and grow normally.  Reintroduction of treatment will kill off these cells, most likely 

leaving a smaller population of persister cells.  After a number of treatment cycles it may 

be possible to finally eradicate the infection (Lewis, 2001).  

 

1.8 Oral Biofilm Culture and In Vitro Plaque Models 

Ethical issues, as well as sampling and access issues, have limited the range and 

complexity of research that can be carried out using in vivo methodology.  Therefore, in 

vitro model systems are also required to study plaque processes in depth.  These systems 

are usually more controllable, and produce greater quantities of plaque than an in vivo 
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study in systems that simulate the natural environment, producing plaque biofilms that 

grow and mature in a similar nature to in vivo plaque.  The more sophisticated in vitro 

systems control the nutrient supply and treatment agents, the environment, substrata, and 

microflora, and allow for the controlled and systematic study of these factors. 

 

1.8.1 Model Systems 

There have been many approaches to developing an experimental system to analyse plaque 

bacteria and biofilm development.  Biofilm studies have not been limited to the oral 

environment, although the oral biofilms are among the most intensively studied.  Biofilm 

studies are widespread in a number of “ecosystems” such as the causes of biofouling of food 

processing instruments, particularly in the dairy industry, and on implanted medical devices. 

Researchers have used simple systems such as suspending disks of a suitable substrate in a 

culture media within Erlenmeyer flasks.  A biofilm forms on the suspended surfaces, and 

planktonic phase cells are usually observed growing in the liquid media.  A number of 

these systems can be simultaneously prepared easily and cheaply, however, the system is 

limited in its utility as media changes and any experimental treatments must be performed 

manually.   

More complex and realistic approaches use intra-oral dental appliances (similar to 

orthodontic devices, Dige et al., 2009; Sousa et al., 2009; von Ohle et al., 2010) with 

sections that act as foundation for plaque growth.  These appliances can be removed from 

the mouth without disturbing the experimental plaque for normal oral hygiene purposes or 

to apply treatment agents to the appliance.  The biggest drawback of intra-oral appliances 

is that there are many variables that cannot be controlled for.  Two plaque samples, 

depending on their site in the mouth, can be subjected to quite different environments and 

challenges.   

More complex (and expensive) alternatives to this are commercially-manufactured, 

microprocessor-controlled fermenters such as chemostats and flat plate reactors, where the 

biofilms can be subjected to media flow and automatic media changes, as well as 

automating experimental treatments and some monitoring such as changes in culture pH 

(Filoche et al., 2004; Herles et al., 1994).  An evolution of these systems are the constant-

depth film fermenters (Peters and Wimpenny, 1988; Pratten and Ready, 2010; Fig. 1.5).   
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Biofilms grow in several trays of the same or varying depths on a rotating platform within 

the instrument with media generally pumped at a slow but constant rate across the platform 

and growing biofilms.  Biofilm depth is regulated by a blade passing over the top of each 

tray, removing any material growing above the edge of the tray.  Multiple plaques can be 

grown under the same conditions in this system, but as each tray is within a common 

environment, experimental variations in application regime must be undertaken in different 

fermenters.   

 

 

 

 

 

 

 

 

 

Flow cells developed to observe developing biofilms, particularly in microscopy settings 

have become invaluable in biofilm research and have led to a much greater understanding 

of the initial attachment and early development phases of biofilm growth (Christensen et 

al., 1999).  Microplates in a standard 96 well format have been used extensively to screen 

for induced mutants unable to form a biofilm as part of a search for genes involved in 

biofilm development (O’Toole and Kolter, 1998; Filoche et al., 2007; 2008) 

Probably the most sophisticated system for growing dental plaques in vitro is the Multiplaque 

Artificial Mouth (MAM, Fig.1.6), developed and refined by Dr. C. H. Sissons of the Dental 

Research Group, Wellington School of Medicine and Health Sciences, University of Otago.  

The eight station MAM in use for this study (Sissons, 1997; Sissons et al., 1991; 1995; Wong 

et al., 1994; Wong and Sissons, 2001; 2007) was able to be expanded in a modular fashion to 

10 or 12 stations.  Microcosm plaques cultured in the MAM are probably the most plaque-

like experimental systems available, with the results obtained being recognised as equivalent 

to in vivo results (Darveau et al., 1997; Marsh, 1999).  This system has provided the 

Figure 1.5 Constant Depth Film Fermenter.  Panel “A” shows a diagrammatic representation of a Constant 
Depth Film Fermenter and Panel “B” shows a commercially available model.  Biofilms are grown in a series 
of pans situated around a central axis.  A Teflon blade sweeps across the top of the pans to regulate the 
depth of the biofilm (panel “C”) with media and any experimental treatments generally delivered by the 
peristaltic pumps, four of which can be seen on the right hand side of the instrument in panel “B”. 
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opportunity to study the effects of applying a variety of treatment agents in a number of 

regimes that would be neither feasible nor ethically permissible in vivo. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Inocula for oral biofilm experiments have ranged from single species of suspected periodontal 

pathogens (Sutton et al., 1994), to consortia of oral bacteria (Bradshaw et al., 1989, 1994; 

Olsen et al., 2009; Marsh et al., 2011; Shu et al, 2000; 2003), and saliva containing the pooled, 

mixed oral microbiota of possibly 300 of 500 or more unique oral species that develop into in 

vitro plaque microcosms (Socransky and Haffajee, 1992; Moore and Moore, 1994; Sissons, 

1997).  Microcosms can be described as a “laboratory subset of the natural system from 

which it originates but from which it also evolves” (Wimpenny, 1988).  By inoculating with a 

consortium of species, the biological relevance of the particular strains used is crucial as these 

must provide all the required metabolic functions required to establish, grow and maintain a 

viable biofilm.  No matter how complex the consortia may be, it is never certain that all the 

relevant bacteria are included, particularly those that are viable but non-culturable using 

current media and techniques.  Human saliva, after plaque has been allowed to accumulate for 

24 hours, will provide an inoculum pooled from all oral sites that is likely to contain most if 

not all the species present in the mouth at that time.  This inoculum will give rise to a 

Figure 1.6 The initial 8-station Multiplaque Artificial Mouth (MAM) in use.  Media and treatments 
enter through the feed-heads at the top of the apparatus (red arrow) with waste draining through 
the brown hoses inserted through the floor of the incubator.   The end of a plaque holder is indicated 
by a green arrow.  The large Schott bottle on the left of the picture is humidifying the gas (5% CO2 in 
N2) before it enters the MAM (blue arrow). 
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‘microcosm plaque,’ rather than a simpler model biofilm inoculated from a defined mixture 

of specific microbial strains. 

Microbial biofilms such as dental plaque react differently to the application of antimicrobial 

agents than do planktonic (liquid) cultures (Costerton et al., 1994; Gilbert et al., 1997; Marsh 

et al., 2011; Sissons et al., 1996).  It is estimated that the bacteria grown in a biofilm 

community are approximately 1,000 times more resistant to antimicrobials than when in a 

planktonic state (Wilson, 1996).  It is therefore impossible to extrapolate physiological 

models of cells in the planktonic state to those in biofilms with confidence, and most claims 

regarding the effectiveness of anti-plaque agents have been made on the basis of planktonic 

studies of single strains of bacteria.  Because of the uncontrollable variability, access and 

ethical issues, studies into the effectiveness of many “antiplaque agents” on in vivo plaques 

are limited and difficult.   

The MAM has been used for some time to determine the effects of various treatments on 

plaque development, physiology and morphology, and is an extremely powerful tool for 

understanding biofilm growth and development.  Because the microcosm plaques are 

inoculated from pooled saliva, the resulting plaques mimic nature probably more closely than 

other model systems and the extrapolation of results from this in vitro system back to in vivo 

situations is more secure than with those of other laboratory experimental systems (Sissons et 

al., 1995). 

 

1.8.2 Effecting Experimental Changes in the Plaque Microbiota In Vitro 

Antibacterial treatments temporarily suppress bacterial numbers to low levels, with plaque 

populations quickly reverting to the levels present prior to the treatment once treatment 

ceased (Marsh, 1995; Slots, 1996; Winkel et al., 1997).  The precise effects of the application 

of antimicrobial agents to dental biofilms have been unclear, (see hypotheses, Section 1.1.2) 

and this study has attempted to clarify which of these hypotheses may be most likely. 

 

1.9 Analysis of the Plaque Microbiota: 

It has previously been impractical to identify and quantify the bacterial populations in either 

in vivo or in vitro plaques due to the large numbers of species involved.  For example, a single 

incomplete cultural analysis of a single plaque sample used 22 different media types, over 
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250 agar plates, and took over 3 months (Sissons, 1997).  Due to the sheer number of plates 

involved and that the information obtained is generally limited to colony morphology and 

cellular morphology and Gram reaction, studies of this nature are impractical, particularly 

when dealing with multiple plaques and give very limited information on the complete 

species composition of the biofilm. 

A study into the causative organisms of dental caries, similar to that undertaken by Socransky 

et al., (1998) that elucidated bacterial species involved in the development and progression of 

periodontitis would expand our knowledge of dental caries, identifying key species and 

species groups that form during caries initiation, development and progression.  It was one 

aim of this study to establish the CKB technique as a valid tool to enumerate multiple species 

suspected of being involved in the initiation and development of dental caries. 

 

1.9.1 Checkerboard DNA:DNA Hybridisation in Oral Microbiology Research 

and Diagnostics 

A checkerboard DNA:DNA hybridisation technique was developed by Socransky et al. 

(1994) to speciate and quantify the bacteria present in plaque samples of patients suffering 

from periodontal disease.  Checkerboard DNA:DNA hybridisation is a powerful technique to 

quantitatively identify key species in a mixed microbial cultures, and it is an appropriate 

technology for enumerating microbial species within a complex biofilm.  It is a technique 

that gives a simultaneous and quantitative analysis of up to 28 plaque samples for 40 key 

microbial species (Socransky et al., 1994), and was developed initially to study the 

predominantly Gram-negative sub-gingival microorganisms involved in periodontitis (gum 

disease) (Socransky et al., 1998).  For this present study the emphasis has shifted to a panel 

focussed on cariogenic species. Panel selection was considered carefully to ensure it 

contained species either implicated or suspected of being involved in cariogenesis while 

retaining a number of key ecological indicator species, species that occupy a number of 

ecological niches, varying from disease associated species to those believed to be 

associated with oral health, including a number of aerobes, anaerobes and micro-aerophiles. 

CKB analysis offers the ability to include more potential caries pathogens in large-scale 

studies with a single analysis than is usually practicable with cultural analysis. This will 

enable a more detailed evaluation of the clinical and epidemiological relationships of the 

complex plaque microbiota with respect to the development of dental caries, allowing 
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large scale clinical comparisons of caries with plaque microbial profile to hopefully better 

predict both treatment outcomes and also an individual’s likelihood of developing caries.  

This work has developed into an ongoing study in collaboration with the Community and 

School Dental Service in Christchurch, with a small section of the preliminary study 

presented in this thesis. 

CKB analysis is one of a large number of techniques that has emerged over the last two 

decades utilising advances in recombinant DNA technologies.  CKB analysis performs a 

simultaneous quantitative analysis of a number of key microbial species usually present in 

a given ecosystem against a number (n≤ 28) of samples from that ecosystem.  In our hands 

in its current form, it is limited to probing for species that have previously been cultivated 

and identified, unlike techniques such as T-RFLP and DGGE analyses that will give a 

snapshot of information about the whole ecosystem.  These are usually presented as a 

“barcode” fingerprint, frequently without data specifying what species may be present.  In 

the studies presented within this thesis, and the clinical surveys being carried out as part of 

the wider group work, CKB analysis has the advantage of quantifying known species of 

plaque bacteria that may indicate specific disease states.  Other groups have used the base 

technique to perform “reverse CKB” analyses, labelling 16s RNA genes from ecological 

samples by using primers targeting the conserved region of these genes, and probing these 

against unlabelled DNA from type strains of known bacteria (Goh et al., 1997; Lima et al., 

2010). 

 

1.9.2 Principles of Checkerboard DNA:DNA Hybridisation and Data Analysis 

In CKB analysis, 28 alkali lysates of dental plaque and DNA standards representing 10
5
 

and 10
6
 cells per target species are fixed on a membrane in thin lanes, then simultaneously 

cross-hybridised with 40 DIG-labelled, whole genome microbial probes.  Depending on 

the experimental design, statistical techniques such as Community Ordination, Principal 

Components Analysis (PCA), ANOVA, and Hierarchical Clustering may be used for data 

analysis.  This study used a combination of PCA, ANOVA, and Hierarchical Clustering 

techniques for data analysis. 

Socransky et al. (1998) used CKB analysis to characterise a model depicting a definite 

succession of bacterial species during the development of peridontal disease in vivo.  The 

bacteria identified by this study were grouped into five classes, with one class generally being 
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succeeded by the next as the disease process progressed from a healthy state through 

gingivitis to severe periodontitis.  These authors also concluded the major pathogens 

Porphyromonas gingivalis, Bacteroides forsythus, and Treponema denticola required the 

preceding classes of bacteria to be present at significant levels before they were able to 

establish themselves in sufficient numbers to cause disease.  It was hypothesised that the 

disease development can be slowed or even halted by interrupting this succession at one or 

more critical points.  An aim of this study was to further develop CKB analysis, and 

prepare and validate a panel of species probes focused on a range of potentially cariogenic 

Gram-positive bacterial species and Candida albicans. 

 

1.9.3 Other Molecular Technologies in Microbial Community Analysis 

There are a number of other molecular techniques that have been developed or optimised 

that provide options for enumerating microbial species in environmental samples, 

including PCR based techniques such as denaturing gradient gel electrophoresis (DGGE), 

terminal restriction fragment length polymorphisms (T-RFLP) and real-time or 

quantitative PCR, microarray techniques and “next-generation” sequencing. These 

techniques are discussed below.  

 

1.9.3.1 PCR Based Techniques 

PCR techniques have become a cornerstone upon which many current molecular biology 

techniques are based.  Although generally a robust technology, PCR does however suffer 

from two major sources of error, PCR error (Acinas et al., 2005) and PCR bias (Huber et 

al., 2009; Suzuki and Giovannoni, 1996). PCR error is generally accepted as the number of 

nucleotides that are incorporated incorrectly in a growing strand of DNA, and varies with 

the polymerase used. In a normally functioning bacterial cell, it has been estimated that 

approximately one nucleotide is miss-incorporated in every 10
12

 bases (Watson et al., 

1987). This low error rate is attributed to the complementary activities of the family of 

DNA polymerases involved in normal DNA replication. DNA polymerase I is the primary 

polymerase, extending the growing strand with an inherent error rate of approximately 10
6
.  

It has limited 5’ to 3’ error correction, and may reverse direction on the DNA strand to 

correct an error. DNA polymerase II and DNA polymerase III perform the majority of the 
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error correction by excising miss-incorporated nucleotides and filling in the resultant gap 

(Watson et al., 1987). 

Taq polymerases most commonly used in PCR reaction have an inherent error rate of 

approximately one in 2x10
5
 (Acinas et al., 2005) and also lack an error correcting function. 

There are a number of “high-fidelity” polymerases available commercially that have a 

lower error rate, approximately one in 10
9 

or 10
10

 nucleotides, but the cost of these 

enzymes is generally significantly more than ordinary Taq enzymes which limits their use 

in routine tasks.  

PCR bias is harder to estimate and is believed to be the result of intrinsic differences in 

template amplification efficiencies between templates of different sequences, or the 

inhibition of amplification by the self annealing of the most abundant templates later in the 

reaction (Huber et al., 2009; Suzuki and Giovannoni, 1996).  This occurs when the most 

common amplicons in the reaction re-anneal with full length complementary strands 

during the reaction and results in the over-representation of less common and rare 

transcripts in the final amplification mixture.  The range of G+C content in the template 

molecules will also contribute to PCR bias as those with higher G+C contents typically 

have a more pronounced secondary structure and as a result do not amplify as efficiently as 

templates of the same length but lower G+C content. 

Despite these significant sources of inherent error, PCR based technologies have proved 

invaluable in environmental microbial studies, primarily because they are culture 

independent and have identified significant numbers of microbes that do not appear 

amenable to culture.  They allow for the rapid analysis of large numbers of samples in 

parallel, resulting in significantly more data in a given time period.   

DNA fragments of the same length but different G+C contents will migrate differentially 

as the strands dissociate at different positions in the denaturing DGGE gel (Muyzer and 

Smalla, 1998).  This technique allows a population profile to be established, although is 

limited in resolution as fragments from two species can migrate to the same position and 

multiple bands from the same species are also possible (Kisand and Wikner, 2003).  This 

technique does provide good correlation with sample cultivation and PCR analysis (Zijnge 

et al., 2006) although the interpretation of the results can be quite subjective. 

Real-time or qPCR (Pozhitkov et al., 2011) provides the opportunity to determine the 

presence of one or a few species with either sequence specific “Taqman” probes or using 
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an intercalating dye such as SYBRgreen to quantitate amplified DNA copy number.  This 

technique has been used successfully to quantify the total bacterial load in carious dentine 

(Nadkarni et al., 2002), changes in the levels of a limited number of gut bacteria in cattle 

rumen (Tajima et al., 2001) and to enumerate the prevalence of Yersinia pestis on fleas 

(Gabitzsch et al., 2008).  Depending on the instrument and reagent system used, this 

technique is limited to interrogating up to four species per sample per reaction, although 

quantitation is possible over several orders of magnitude. 

PCR amplification of the 16s ribosomal DNA gene followed by the capilliary sequencing 

of the resulting amplicons has provided the basis for many molecular microbial ecology 

studies (Gross et al., 2010; Rajendhran and Gunasekaran, 2010; Wang et al., 2003).  Of 

particular note is a study completed by Dewhirst et al. (2010).  These authors have 

assembled a “human oral microbiome” database as a reference tool for grouping species 

found in the oral cavity available at www.homd.org. 

 

1.9.3.2 Microarray Technology 

Microarrays are a hybridisation based technology not dissimilar in principle to 

checkerboards, particularly reverse checkerboards (Pozhitkov et al., 2011).  They are 

produced by attaching DNA oligotides (25 to 60 mer) of a particular sequence to a flat 

surface, usually glass or quartz.  The target DNA is labelled and hybridised to the probes 

anchored to the substrate, then visualised using a fluorescent scanner.  The whole slide is 

scanned and imaged, and regions where target DNA hybridises to the probes will fluoresce.  

Computer software maps the fluorescing probes to a reference file that identifies the 

sequences involved.   

The field of microarrays started with laboratories printing their own arrays by spotting 

oligonucleotides onto glass slides using purpose built robots.  These “homemade” arrays 

were often limited in reliability as up to 10% of the probes were often mis-printed, and 

running technical replicates (the same biological sample over a number of copies of the 

same array) became important to identify and correct for these printing errors.  A human 

oral microbe identification microarray (HOMIM) has been developed using this 

technology and used to identify species involved in refractory periodontitis (Colombo et al., 

2009).  Although this array has a periodontitis function, of the 300 taxa interrogated by the 
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array a significant number are either implicated in, or suspected of being involved in 

cariogenesis, which would make this array suitable for studying both diseases.   

Commercially manufactured arrays have minimised these errors with manufacturers such 

as Affymetrix (Santa Clara, CA.) achieving greater than 99% concordance between 

technical replicates run over the same array type at different times.  This has reduced the 

requirements for technical replicates to virtually nil, although running biological replicates 

is still part of good experimental design.  Dr Gary Anderson at the Lawrence Berkeley 

National Laboratory, designed the Phylochip which is manufactured by Affymetrix 

(Brodie et al., 2006).  This is a commercially available microarray designed as a microbial 

identification tool using 16s rRNA sequences to provide a means of identifying and 

enumerating the bacterial species within the community. 

Although well established and used frequently in fields such as human genotyping and 

gene expression, genotyping of agriculturally important plant and animal species and gene 

expression studies in rodent model systems, microarray technology is still a fairly new 

technique in the field of environmental microbial analysis.  This has been due to a number 

of reasons, both practical and economic.  Practically, the data required to design the probes 

to be arrayed on the substrate, typically 16s rRNA gene sequences, needs to be robust and 

available before the array can be designed.  Significant, scientifically valid prior data is 

required to design and manufacture a useful array that provides meaningful data about a 

sample.  Economically, it is expensive to design and produce an array, so without 

sufficient funding for a one off design, or a large enough market for a commercially viable 

array design, array technologies are unlikely to be available for any particular project.  

Although significantly cheaper to run than next generation sequencing, microarrays still 

cost hundreds of dollars per sample to run.  This limits their utility to large, well funded 

projects. 

Despite these issues, commercially produced microarrays are a robust and reliable 

technique that can provide substantial amounts of data about a microbial ecosystem. 

 

1.9.3.3 Next Generation Sequencing 

Next generation sequencing, particularly the pyrosequencing based Roche FLX system has 

shown huge potential in the field of microbial ecology and has been used in a number of 

studies (Huber et al., 2007; Keijser et al., 2008; Spear et al., 2008).  Presently, the per-
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sample cost, often in the thousands of dollars, precludes its widespread use.  This 

technology also presents significant bioinformatics issues with the large amount of data 

generated per run providing significant challenges.  As this technology does not require 

culturing of samples it has been possible to identify significant numbers of previously 

undescribed species that are presently uncultivable in vitro.  With the potential for high 

throughput generating in depth information about the total microbiome for any given 

environment, next generation sequencing has the potential to revolutionise our knowledge 

of the human oral microbiome (Pozhitkov et al., 2011). 

 

1.10 Thesis Content and Structure  

This thesis has been divided into eight Chapters.   

 Chapter 1 has described the organization of this thesis and presents the objectives of 

this study.  It has presented a general introduction to oral biofilms (dental plaque), 

their microbiology and analysis, along with their health significance and the effects of 

antimicrobials on the biofilms.   

 Chapter 2 details the methods used including the CKB procedures further developed 

during this study and a description of the MAM and its operation. 

 Chapter 3 describes establishing, optimising and validating CKB analysis of the 

plaque microbiota.  Optimisations included changes to the hybridisation conditions, 

sample DNA extraction from dental plaque and detection of the chemi-luminescent 

signals.  The usefulness of CKB analysis was confirmed in a pilot study looking at the 

relationship between a panel of 40 oral microbes and dental caries rates in two groups 

of schoolchildren, one caries-free, the other suffering from high rates of caries.   

 Chapter 4 describes an initial mouthwash screening experiment to study the effects of 

applying 15 min pulses every four hours of four commercially available mouthwashes 

(Oral B, Plax, Savacol, Listerine) and controls (water, chlorhexidine (CHX) and 27% 

(v/v) ethanol) to a preformed microcosm plaque biofilm.  The effect of stopping 

treatment on plaque recovery and species composition was also analysed.   

 Chapter 5 examines how antimicrobial pulses applied from shortly after inoculation 

compare with those applied after the biofilm had grown for three days.  Plax, Savacol 

and Listerine along with a CHX control were used as experimental formulations, and 
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the affects of the applications were assayed after a treatment period and following 

subsequent recovery without treatment.   

 Chapter 6 compares and contrasts the effects of CHX and Listerine, applied from 

shortly after inoculation and to pre-formed biofilms.  Plaque biofilms were again 

assayed for species composition and protein content at the end of treatment and after a 

recovery period.  Dry weight percentages were assayed at the same time points and 

CHX concentration was monitored in the CHX treated biofilms during the recovery 

period.   

 Chapter 7 compares and contrasts the results obtained from similarly treated plaques 

from the 3 independent experiments.  Comparisons include changes in plaque biofilm 

wet-weights, CKB analysis of species composition and protein concentrations 

between experiments. 

 Chapter 8 summarises the results and discusses them in the context of research from 

this and other laboratories.  Some overall conclusions are presented and suggestions 

for some possible further research are made. 
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Chapter 2:  General Methods 

 

2.1 Proposed Experimental Approach and Overview of Methods 

2.1.1 Aim 1. Development of Checkerboard Methodology to Identify and 

Quantify the Microbes Present in In Vivo and In Vitro Dental Plaque 

2.1.1.1 Species Specific Probe Preparation: 

Total genomic DNA was extracted from 61 species of known plaque bacteria and labelled 

using the digoxygenin (DIG) labelling system from Roche Diagnostics.  This system was 

chosen as it had previously been shown to work well in the CKB system (Socransky et al., 

1994).  A panel was developed that differed from that used by Socransky et al. by focussing 

on caries-specific species and species believed to indicate plaque ecological changes.  This 

panel was chosen from among the 61 species shown in Table 2.1.  These changes included the 

addition of a number of Gram-positive, putative caries pathogens, other streptococci and 

aerobes such as Haemophilus parainfluenzae.  A number of anaerobes from the Socransky 

panel were retained along with species significant in plaque development such as 

Fusobacterium nucleatum nucleatum and Veillonella parvula. 

 

2.1.1.2 Optimisation of the Checkerboard DNA:DNA Hybridisation System 

Adjustments to the pre-hybridisation, hybridisation and antibody blocking and wash buffers 

were trialled to optimise the hybridisation and signal detection conditions for the CKB system.  

In particular, it was desirable to omit yeast RNA in the blocking buffer to allow the 

development of a C. albicans probe.  The aim was to minimise background signals from the 

membrane and cross hybridisation reactions between closely related species while 

maintaining or improving system sensitivity. 

 

2.1.2 Aim 2. Establishment of the Checkerboard Technique to Determine the 

Cariogenic Potential of Dental Plaque 

A plaque sampling technique that was pain and fear free was identified as the eventual goal so 

as to be able to repeatedly sample young children.  Plaques were sampled using a Multi-brush, 

a small synthetic brush that enabled painless plaque collection (Fig. 3.10).  This was a soft 
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brush that did not scratch or otherwise cause pain during sample collection.  Using adult 

volunteers, this technique was assessed to ensure it could reliably collect sufficient plaque to 

perform high quality CKB analyses.  This was followed by a small preliminary study using 

plaque samples from 5 year old children in Christchurch who were either caries free or 

suffering from high caries levels (dmft≥5).   

 

2.1.3 Aim 3. To Investigate Changes in Plaque Composition and Physiology 

During the Treatment and Recovery Phases of Artificial Mouth Experiments  

Microcosm plaques lend themselves to the experimental application of test reagents in 

regimes that are not possible in vivo for both ethical and practical reasons.  These plaques are 

grown in a closed system, with all plaques under the same gas phase.  Media, sucrose (to 

mimic meals) and treatments were applied under tightly controlled conditions of time and 

fluid flow rate. 

Experiments were performed to investigate the plaque response to treatment with 

commercially available mouthwashes.  Treatments were applied to both unformed (termed 

day 0 (d0)) and preformed (d3) plaques.  Changes in the species composition of the plaques 

were measured by CKB analysis.  Variations in species levels between the control and treated 

plaques would be analysed by Principal Components Analysis (PCA), Hierarchical clustering 

and Analysis of Variance (ANOVA). 

Throughout the growth of the plaque and at the conclusion of each experiment the plaques 

were weighed to establish growth rates and biomass and were also sampled for CKB analysis 

of the microbiota.  Due to the small amount of plaque required for the CKB analysis (<1 mg) 

it is possible to periodically take samples from the plaque with minimal disturbance to the 

plaque structure and composition.       

Physiological assays were used in one experiment to compare changes in the enzymatic 

profiles of plaques with any changes seen in the species profile. 
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2.2: Checkerboard Methods  

2.2.1 Microbial Strains and Growth Conditions 

Bacterial and yeast species used in this study are listed in Table 2.1.  Bacteria were generally 

grown on TSBYK agar or in TSBYK broth (Tanner et al., 1996, Appendix I).  Tannerella 

forsythia was grown on TSBYK agar or in TSBYK broth supplemented with N-acetyl 

muramic acid (Appendix I).  Haemophilus parainfluenzae and Aggregatibacter 

actinomycetemcomitans were grown on Chocolate Agar, streptococci were grown in Todd-

Hewitt Broth or on Todd-Hewitt Agar,  Actinomyces species and Bifidobacterium dentium 

were grown in Actinomyces broth or on Actinomyces agar (BBL., Becton Dickinson 

Microbiology Systems, Cockeysville, MD., USA.).  Anaerobic bacteria were grown in an 

anaerobic hood (Coy Laboratory Products, Inc., Ann Arbor, MI., USA.), at 35°C in an 

atmosphere of 80% (v/v) N2, 10% (v/v) CO2, 10% (v/v) H2.  Aerobic and capnophilic bacteria 

were incubated at 35°C in 10% (v/v) CO2. 

 
Table 2.1:  A comparison of bacterial and yeast strains used in this study and by Socransky et al. (1998). 

Species Strain Putative caries 
pathogens 

Socransky 
Panel 

Current caries –
focussed panel 

Source 

Yeast       
Candida albicans A 72 X   X a 
Gram-positive Bacteria       
Streptococcus mutans ATCC 25175

 T
 X   X b 

Streptococcus mutans R9 X    c 
Streptococcus sobrinus O1H1 X   X b 
Streptococcus mitis I ATCC 49456

 T
 X X  X e 

Streptococcus mitis II SK 149 X   X f 
Streptococcus oralis ATCC 35037

 T
 X X  X e 

Streptococcus gordonii     ATCC 10558
 T
  X  X e 

Streptococcus sanguinis      ATCC 10556
 T
  X  X e 

Streptococcus parasanguinis M1021    X b 
Streptococcus anginosus ATCC 33397

 T
 X X  X e 

Streptococcus intermedius   ATCC 27335
 T
 X X  X h 

Streptococcus vestibularis  LM-1 X   X f 
Streptococcus constellatus ATCC 27823

 T
 X X O  i 

Streptococcus salivarius 57I X    d 
Parvimonas micra ‡ ATCC 33270

 T
 X X O X i 

Peptostreptococcus asaccharolyticus ATCC 14963
T
    X i 

Actinomyces gerencseriae ATCC 23860
 T
 X X  X e 

Actinomyces israelii ATCC 12102
 T
 X X  X e 

Actinomyces naeslundii ATCC 12104
 T
 X X  X i 

Actinomyces odontolyticus ATCC 17929
 T
 X X P X e 

Actinomyces viscosus ATCC 43146
 T
 X X   i 

Lactobacillus acidophilus ATCC 4356
 T
 X   X f 

Lactobacillus casei ATCC 393
 T
 X   X f 

Lactobacillus fermentum ATCC 14931
T
 X   X f 

Lactobacillus plantarum SA1 X   X d 
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Table 2.1: continued       

Species Strain Putative caries 
pathogens 

Socransky 
Panel 

Current caries –
focussed panel 

Source 

Lactobacillus rhamnosus ATCC 7649
 T
 X   X f 

Bifidobacterium dentium ATCC 27534
 T
 X   X i 

Corynebacterium matruchotii ATCC 14266
 T
    X h 

Eubacterium nodatum ATCC 33099
 T
  X O  i 

Eubacterium saburreum ATCC 33271
 T
  X  X e 

Gemella morbillorum ATCC 27824
 T
  X  X e 

Propionibacterium acnes ATCC 11827
 T
  X   e 

Staphylococcus epidermidis 16I     d 
Propionibacterium propionicum ATCC14157

T
     h 

Gram-negative Bacteria       
Haemophilus parainfluenzae H11    X g 
Neisseria mucosa ATCC 19696

T
  X  X e 

Neisseria subflava NZ843     h 
Aggregatibacter actinomycetemcomitans§  ATCC 29523

T
  X G X e 

Eikenella corrodens ATCC 23834
 T
  X G X h 

Capnocytophaga gingivalis ATCC 33624
 T
  X G  i 

Capnocytophaga ochracea ATCC 27872
 T
  X G X i 

Capnocytophaga sputigena ATCC 33612
 T
  X G  h 

Campylobacter concisus ATCC 33237 
T
  X G  j 

Campylobacter gracilis ATCC 33236
 T
  X O  j 

Campylobacter rectus ATCC 33238
 T
  X O X j 

Campylobacter showae ATCC 51146
 T
  X O  e 

Fusobacterium nucleatum nucleatum ATCC 25586
 T
  X O X e 

Fusobacterium nucleatum polymorphum ATCC 10953
 T
  X O  e 

Fusobacterium nucleatum vincentii ATCC 49256
 T
  X O  e 

Fusobacterium periodonticum ATCC 33693
 T
  X O  e 

Prevotella nigrescens ATCC 25611
 T
  X O  X* e 

Prevotella intermedia ATCC 25845
 T
  X O  X* e 

Tannerella forsythia† ATCC 43037
 T
  X R X e 

Bacteroides ureolyticus 2009     h 
Porphyromonas gingivalis ATCC 33277

 T
  X R X e 

Treponema denticola B1  X R  e 
Treponema socranskii DR2D40  X   e 
Leptotrichia buccalis ATCC 14201

T
  X  X e 

Prevotella melaninogenica ATCC 32563
 T
  X  X e 

Selenomonas noxia ATCC 43541
 T
  X  X e 

Veillonella parvula ATCC 10790
 T
  X P X e 

Type strains are designated 
T
.   

Mixed probes are designated *.   
‡Renamed from Micromonas micros, previously Peptostreptococcus micros (Tindall and Euzéby, 2006) 
§Renamed from Actinobacillus actinomycetemcomitans (Nørskov-Lauritsen and Kilian, 2006) 
†Renamed from Bacteroides forsythus (Sakamoto et al., 2002) 
Letters refer to the colours of the microbial complexes delineated by Socransky et al., (1998).  G = green, O = 
orange, P = purple, R = red.  These colours refer to the species groupings proposed by Socransky et al., (1998) to 
classify microbes involved in the progression of periodontal disease. 
Source: 
a Dr. Ann Holmes, University of Otago f Fonterra, Palmerston North 
b Prof. Mogens Killian, Aarhus, Denmark g Wellington Hospital Microbiology Laboratroy 
c Prof. Phil Marsh, Porton Down, UK h NZ Reference Culture Collection, ESR 
d Dental Research Group Isolate i ATCC, Manassas, Virginia 
e Forsyth Dental Centre, Boston j DSMZ,Braunschwieg, Germany 
Text colour in source column indicates gas phase requirements, red are anaerobic strains; blue, capnophilic; 
green, microaerophiles and black are aerobes. 
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2.2.2 DNA Extraction and Probe Labelling 

2.2.2.1 DNA extraction and purification 

Extracting sufficiently pure DNA from many Gram-positive species proved problematic.  

Because of this, variations of the method described by Ausubel et al. (1990) were used, based 

on the Gram reaction of the species in question.  The compositions of all buffer solutions are 

described in Appendix II 

Gram positive species:  Cultures were grown in the appropriate broth medium under the 

appropriate gas conditions with shaking (orbital, 150 rpm) to early stationary phase then 

diluted 1:10 into multiple (2 to 6) 50 mL fresh, pre-warmed broths.  Growth was allowed to 

continue under the same conditions until the OD600 was between 0.3 and 0.4 (early log phase).  

Penicillin G (50 L of a 10 mg/mL solution, Sigma PEN-NA) was added, and the culture was 

grown under the same conditions for a further three cell cycles (approximately 1 to 6 hours).  

The cells were harvested, and washed once in 5 mL TE.  The cell pellet was resuspended in 

5.4 mL TE.   Lysozyme (Sigma L-7001) was added to 5 mg/mL along with 50 L 

achromopeptidase (5 mg/mL, Sigma A3547).  The cells were incubated at 37C for 30 to 60 

minutes.  Six hundred microlitres of 20% (w/v) SDS was added and mixed gently.  If required, 

the cells were incubated at 65C for 15 minutes to ensure complete lysis. Extractions that did 

not lyse sufficiently, as indicated by the incomplete clearing of the cell suspension were 

discarded.  Proteinase K (60 L of a 10 mg/mL solution, Invitrogen 25530) and RNaseA 

(50 L of a 10 mg/mL solution) were added and the extraction solution was incubated at 37C 

for one hour. 

Gram negative species:  Cultures were grown to early stationary phase in the appropriate 

medium and under the appropriate gas conditions with shaking (as above) then diluted 1:10 

into multiple (2 to 4) 50 mL fresh, pre-warmed broths.  Growth was allowed to continue 

under the same growth conditions until the OD600 was between 0.5 and 0.6.  The cells were 

harvested, washed in 5 mL of TE, and resuspended in 5.6 mL TE buffer containing 5 mg/mL 

lysozmye.  The reaction was incubated at 37C for 30 to 60 minutes.  Three hundred 

microlitres of 20% (w/v) SDS was added and mixed gently.  If the cells failed to lyse 

immediately, they were incubated at 65C for 15 minutes.  Again, any extractions that failed 

to show complete lysis after this incubation were discarded.  Proteinase K (60 L of a 10 

mg/mL solution) and RNase A (50 L of a 10 mg/mL solution) were added to the extraction 

solution and incubated at 37C for one hour. 
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Plate cultures:  DNA from bacteria not amenable to broth culture (e.g., certain 

Capnocytophaga and Campylobacter species) was prepared from plate cultures.  Multiple sets 

(2 to 4) of duplicate agar plates were heavily inoculated with bacteria using an inoculation 

loop, and allowed to grow until a thick layer of bacteria covered the plate (1-3 days).  The 

growth (approximately 0.5 to 1.0 g) was harvested from each pair of plates using an 

inoculating loop and suspended in 5 mL of TE buffer.  After centrifugation (3,500 g, 10 

minutes, 4°C) the pellet was resuspended in 5.4 mL TE buffer containing 5 mg/mL lysozmye.  

The reaction was incubated at 37C for 30 to 60 minutes (or overnight).  Six hundred 

microlitres of 20% (w/v) SDS was added and mixed gently.  If the cells failed to lyse 

immediately, they were incubated at 65C for 15 minutes, and unless good lysis was seen, the 

extraction was again discarded.  Proteinase K (6 L of a 10 mg/mL solution) and RNase A (5 

L of a 10 mg/mL solution) were added and the mix was incubated at 37C for one hour. 

All species:  Sodium chloride (1.5 mL of a 5 M solution) was added and mixed thoroughly, 

followed by 850 L of cetyl trimethylammonium bromide (CTAB)/NaCl solution.  The 

extraction was mixed thoroughly, and incubated at 65C for 20 minutes.  An equal volume of 

chloroform:iso-amyl alcohol (24:1) was added, mixed to homogeneity, and centrifuged (3,500 

g, 30 minutes, room temperature).  The aqueous (top) layer was removed to a clean, sterile 15 

mL Falcon style centrifuge tube. Approximately one volume of iso-propanol was added, 

mixed well and incubated at -20°C for 2 hours to precipitate the extracted DNA.  The tube 

was centrifuged (3,500 g, 10 minutes, 4°C) to pellet the DNA, the supernatant discarded and 

the pellet washed in 2 mL of 70% (v/v) ethanol.  The DNA pellet was allowed to air dry 

before being dissolved in 2 mL TE buffer.  Approximately 0.6 mL of Phase-lock gel (Heavy) 

(Eppendorf Molecular Technologies, Hamburg, Germany) was added to the tube which was 

centrifuged (3,500 g, 2 minutes, room temperature) to pellet the gel at the base of the tube.  

The Phase-lock gel would migrate to the interface between organic and aqueous layers during 

the centrifugation step of phenol: chloroform extractions, locking the extracted impurities into 

its matrix.  This also allowed further volumes of phenol:chloroform:isoamyl alcohol to be 

added to the original tube, or the aqueous layer to be poured into a clean tube upon 

completion of the extraction procedure. 

An equal volume (2.0 mL) of phenol:chloroform:isoamyl alcohol (25:24:1) was added to the 

DNA solution, mixed to emulsification, then centrifuged (3,500 g, 5 minutes, room 

temperature).  This extraction was repeated once, followed by two extractions using equal 

volumes (2.0 mL) of chloroform:isoamyl alcohol (24:1).  The aqueous layer was removed to a 
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clean, sterile centrifuge tube.  A 
1
/10

th
 volume (200 L) of 3M sodium acetate (pH 4.8) was 

added and mixed well, followed by 2 volumes (4.5 mL) of cold (-20C), 100% ethanol.  The 

tube was mixed well by inversion, incubated at -20C for two hours or overnight, and the 

DNA harvested by centrifugation (3,500 g, 30 minutes, 4C).  After two washes in cold 70% 

(v/v) ethanol, the DNA pellet was air dried, and dissolved in 100 to 200 L of TE.   

C. albicans A72 DNA was prepared using the method described by Scherer and Stevens 

(1987) using zymolyase to degrade the cell wall, and was a kind gift from Dr. Ann Holmes, 

Department of Oral Sciences, University of Otago.   

DNA quality was evaluated from its UV spectrum (200 to 300 nm) using a Cary 1 

spectrophotometer (Varian Instruments, Mulgrave, Victoria, Australia), and by agarose gel 

electrophoresis of restricted and unrestricted DNA (Figs. 2.1a and b).  The 260/280 ratio was 

used as a key DNA quality indicator, and a value of 1.8 to 2.0 was required to continue with 

DIG labelling.  DNA was quantified using the absorbance value at 260 nm (Sambrook et al., 

1989). 

 

Figure 2.1  UV spectra (a) and agarose gel image (b) of DNA samples.  These assays were used as part of the 
quality control criteria to determine if extracted DNA was acceptable for use as a probes for CKB 
hybridisation.  The UV spectrum is of DNA extracted from B. forsythus, and gives a 260/280 nm ratio of 1.88.  

The agarose gel contains a /HindIII marker (M), undigested supercoiled genomic DNA (1) and genomic DNA 
digested to completion with HindIII (2) from 4 bacteria, (L-R) S. anginosus, S. gordonii, S. mitis I, and S. mitis 
II.  Note the distinct individual DNA fragments that can be seen in the digested samples. 
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2.2.2.2 Preparation of DIG-labelled probes 

The probes were prepared using DNA from a single species, except for Prevotella nigrescens 

and P. intermedia, where a mixed species probe was used due to a high level (>95%) of probe 

cross-reactivity seen while calibrating the probes against DNA standards.  Probe DNA was 

labelled with digoxygenin (DIG) using the DIG High Prime kit (Roche Diagnostics GmbH, 

Mannheim, Germany) according to the following procedure.  Probes were generally prepared 

in duplicate, 1 g and 2.5 g of DNA labelled simultaneously in parallel reactions.  The 

purified DNA to be labelled was added to a sterile microcentrifuge tube and the volume made 

up to 16 L with sterile distilled water.  The tube was placed into a boiling waterbath for 5 

minutes to denature the DNA and then snap frozen in an ice/ ethanol bath.  After 

centrifugation (12,500 rpm, 10 seconds) 4 L of DIG High prime labelling mix was added to 

the DNA solution, mixed well, and incubated overnight at 37°C.  Following the kit 

specifications, it was assumed that this resulted in 2.5 g of labelled probe per reaction.  The 

reaction was stopped with the addition of 2 L of 0.5 M EDTA (pH 8.0), and the probe 

solution diluted to 1 mL with TE buffer, giving a final probe concentration of 2.5 ng/L 

(2.5g/mL). 

Probes were diluted to 10 ng/ml in hybridisation buffer 2 (Table 2.2).   The optimal 

concentrations were established for each probe before use (see 2.2.2.3 and Fig. 2.2).   

 

 

 

 

 

 

2.2.2.3 Probe optimisation and calibration 

In order to optimize and to equalize the amount of signal from each probe so that the signals 

from the individual controls were approximately equivalent, 100, 10 and 1 ng amounts of the 

purified DNA that each probe was prepared from were laid in adjacent lanes on a 15  15 cm 

membrane using the minislot device (see section 2.2.3.2).  The membrane was prehybridised 

and clamped into the miniblotter.  Probe dilutions, prepared by adding 20, 10, 5, and 2 L of 

Table 2.2:  Prehybridisation and hybridisation buffers used during this study. 

 
Pre-hybridisation buffer: Hybridisation buffer: 
50% formamide 45% formamide 

5 SSC
a
 5 SSC 

1% casein 1 Denhardt’s solution 

5 Denhardt’s solution
a
 20 mM Na2HPO4 

25 mM Na2HPO4 10% dextran sulphate 
 

1% casein 

a
 See Appendix II for full descriptions of these reagents. 
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diluted probe to hybridisation buffer, were hybridised against the membrane.  Controls for 

these experiments included the current probe for that species, or another probe and the 

appropriate DNA standard in order to calibrate the signals emitted by the freshly prepared 

probe (Fig. 2.2).  The appropriate dilution was recorded for each probe.  Where two dilutions 

gave the same apparent result, the higher dilution containing less probe was used to minimise 

potential cross reactions with other species. 

 

2.2.3 Sample Handling 

2.2.3.1 Plaque Collection and Storage 

Microcosm plaque biofilms were cultured in an ‘‘artificial mouth’’ from a plaque enriched 

saliva inoculum, as described below.  Plaques were sampled in a number of ways, including 

“razor wedges,” (Fig. 2.3) using a dental excavator or resuspending a portion of plaque in 

phosphate buffered saline (see 2.4.4.3).  Microcosm plaque was stored in microfuge tubes at -

86°C until analysed.   

Plaque samples from human donors were collected from the embrasure between the first and 

second molars in each of the four mouth quadrants using a Multi-brush (Fig. 3.10; Dentonova, 

Figure 2.2 The results of a typical probe calibration experiment.  DNA (100, 10, and 1 ng amounts) from the 
species tested was laid on a membrane and probed with 40, 20, 10, 5, and 2.5 ng of freshly prepared probes 
to calibrate them against the probe in use.  In this case 10 ng of the first probe and 2.5 ng of the second 
probe would be used in ongoing CKB experiments. 
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Huddinge, Sweden).  These samples were stored in 250 L volumes of sterile 0.25 M NaOH, 

5 mM Tris, 0.5 mM EDTA at -20°C until analyzed.   

 

 

 

 

 

 

 

 

2.2.3.2 Attachment of plaque samples and quantification standards to the membrane 

For the plaque samples from human donors, the suspension containing the Multi-brush was 

vortexed thoroughly, and a 100 L volume of each plaque suspension was transferred to a 

fresh microcentrifuge tube.  The samples were lysed in a boiling water bath (5 min) to extract 

the DNA then neutralized by adding 800 L of freshly prepared 5 M ammonium acetate to 

the sample.   

Microcosm plaque samples were diluted to 2.5 mg/mL in TE.  One hundred microlitres of 

each sample (0.25 mg) was added to an equal volume of freshly prepared 0.5 M NaOH in a 

microcentrifuge tube, lysed in a boiling water bath (5 minutes), and neutralised by adding 

800 L of freshly prepared 5 M ammonium acetate. 

A technical control to facilitate the comparison of membranes laid and processed at different 

times was prepared using microcosm plaque.  This was resuspended to 2.5 mg/mL in TE and 

dispensed into 100 µL aliquots in sterile microfuge tubes.  This was treated the same as other 

microcosm plaque samples, with 100 µL of 0.5 M NaOH added, the sample boiled then 

neutralised with 5 M ammonium acetate before being laid on the membrane with the other 

samples. 

Mixed DNA standards equivalent to 10
5
 and 10

6
 cells were included on each membrane to 

allow quantification and standardisation (Ximenez-Fyvie et al., 1999).  These were prepared 

by mixing 1 and 10 ng of DNA from each probe species. For C. albicans, 5 and 50 ng of 

DNA were used.  These quantities are based on the average size of a microbial genome being 

Figure 2.3 Wedge sampling device.  Two razor blades were taped together with a spacer at one end.  
These were used to remove small amounts of biofilm from one radius of the microcosm plaque. 
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approximately 5  10
6
 base pairs (3  10

9
 Da) and each cell containing 2-4 copies of the 

chromosome (Watson et al., 1987).  These are approximate values, but give a more consistent 

result than was obtained by preparing standards using cell suspensions prepared from cultures 

of each microbial strain used. 

The standards and a separate tube containing 1 ng of E. coli DNA as a negative hybridisation 

control were incubated at room temperature in 0.25 M NaOH, 5 mM Tris, 0.5 mM EDTA for 

5 min before being neutralized with 800 l of freshly prepared 5 M ammonium acetate.  

Samples and standards were laid on a 15  15 cm square of positively charged nylon 

membrane (Roche Diagnostics) using a minislot device (SB-30, Immunetics, Cambridge, MA, 

USA., Fig. 2.4a).  Plaque samples were laid in slots 5 through 28, 10
5
 standards were laid in 

slots 1 and 29, and 10
6
 standards in slots 2 and 30. The E. coli DNA was laid in slot 3 and the 

control plaque sample in slot 4.  Samples and standards were absorbed onto the membrane 

using capillary action provided by a 15 sheet stack of 15  15 cm squares of Whatman 3MM 

paper (Whatman International, Maidstone, England, Fig. 2.4b).   

The DNA was fixed to the membrane using a UV crosslinker (Amersham Pharmacia Biotech 

UK, Little Chalfont, England) set at 70 mJ/cm
2
.  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.4 The minislot device used to lay DNA and plaque samples on nylon membranes.  Fig. 2.4a shows 
the slot device while Fig. 2.4b details the setup of this apparatus, showing the minislot device (S), membrane 
(M), 3MM paper (P), and the minislot base (B). 
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2.2.4 Checkerboard Hybridisation and Signal Detection 

2.2.4.1 Prehybridisation and Hybridisation 

Membranes were treated with prehybridisation buffer 2 (Table 3.2) for at least 1 hour at 42°C 

in a hybridization bag (Roche Diagnostics).  The membranes were drained, blotted briefly (10 

seconds) on a sheet of Whatman 3MM paper, and placed into a 45-channel miniblotter (MN-

45, Immunetics, Inc., Cambridge, Mass. USA., Fig. 2.5a).  The 40 individual probes used to 

challenge the samples were individually diluted into hybridisation buffer and placed into a 

boiling water bath for 5 minutes then held on ice.  The probes were loaded into the 

hybridisation apparatus in four blocks of 10 (150 L per channel).  The channel on each edge 

of the apparatus and 3 further channels spaced evenly across the membrane were filled with 

probe-free hybridisation buffer (Fig. 2.5b) to simplify later signal analysis.  The entire 

apparatus was wrapped in polyethylene film to prevent dehydration and placed into a 

humidified hybridisation oven (Amersham Pharmacia Biotech).   

 

2.2.4.2 Post Hybridisation Washes 

Following overnight hybridisation at 42°C, excess probe was washed from the membrane 

using a recirculating water bath containing 7 L of hybridisation wash buffer (Appendix 1) at 

68°C.  The bath was constructed from 10 mm acrylic, and measured 38 cm long  15 cm wide 

 23 cm deep.  The buffer was circulated and maintained at this temperature using a 

recirculating heater (Julabo model MP).  The bath, along with the basket the membranes were 

placed in during the wash process, was constructed locally (Fig. 2.6a).  The basket was 

constructed from 3 mm acrylic, 19 cm long  8.5 cm wide  16 cm deep, and had 6 internal 

sections which could each hold 2 membranes back to back.  Holes in the basket (as seen in 

Fig. 2.6b) allowed the wash buffer to circulate freely around the membranes.  Membranes 

were washed twice for 20 minutes per wash, with the buffer replaced between washes.   

 

2.2.4.3 Antibody Blocking, Binding, and Washing 

Immediately following the washing steps, membranes were treated with 40 mL antibody 

blocking buffer at room temperature with gentle agitation for 60 minutes.  This gave a lower, 

more even background than the manufacturer’s recommended 30 minutes.  The blocking 

buffer solution was replaced with 40 mL of fresh blocking buffer containing 4 l (3 U) anti-
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Figure 2.5 The Miniblot device.  Fig. 2.5a shows the channels that form the hybridisation chambers.  Fig. 2.5b 
shows the lanes left empty (lanes 1, 12, 23, 34, and 45) to allow easier signal alignment during analysis of the 
resulting hybridisation signals. 

DIG antibody conjugated to alkaline phosphatase (Roche Diagnostics), and the membrane 

was again incubated with gentle agitation at room temperature for 60 minutes.  Unbound 

antibody was removed by washing twice in 250 mL antibody wash buffer at room 

temperature for 15 minutes per wash with gentle agitation (50 rpm).   
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2.2.4.4 Signal Detection 

Probe-target hybrids were detected using a variation of the method described by the 

manufacturer (Roche Diagnostics).  CDP-star (Roche Diagnostics) was diluted 1:500 in 

20 mL detection buffer.  This solution was usable for two membranes.  Each membrane was 

immersed in this solution for 1 minute, drained for 20 seconds, placed into a Western 

Reaction Folder (Schleicher and Schuell, Dassel, Germany), and exposed to lumi-film (Roche 

Diagnostics) for 10 minutes.  Films were developed in a Kodak RP X-omat automated X-ray 

developer (Eastman Kodak, Rochester, NY, USA).  Digital images were captured using a 

ChemiGenius Gel Documentation system (Synoptics Ltd., Cambridge, UK). 

The density of each hybridisation signal was converted to an equivalent cell number by 

comparison with the DNA standards using proprietary software kindly gifted by Drs. S. 

Socransky and A. Haffajee (Forsyth Dental Centre, Boston, MA, USA).  Samples that had a 

total cell count of less than 5 × 10
4
 were removed from the analysis as they contained 

insufficient material to provide an accurate assessment of cell numbers.  The cell numbers for 

each species were converted to a percentage of the total probe count for each sample (% DNA 

probe). 

 

Figure 2.6 Membrane wash bath.  The bath used to wash the CKB membranes after hybridisation (a) and the 
basket used to support the membranes and ensure liquid flow over the membrane surface (b). 
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2.3 Multi-plaque Artificial Mouth Technology 

2.3.1 Physical Structure 

The Multi-plaque Artificial Mouth (MAM) is glass construction, based around Quickfit™ 

glassware.  This modularity enables the easy and rapid replacement of any contaminated 

components, particularly feed heads and media lines during an experiment.    

Initially, a single 8 station MAM was used in this study (Fig. 1.6).  This was augmented in 

later experiments (MAM34C and MAM50) by a pair of metabolic chambers (Fig. 2.7) and in 

one experiment (MAM50) by a twin-chambered mini-MAM, giving a total of twelve plaque 

growth stations.  In the metabolic chambers and mini-MAM, two pairs of plaques could be 

grown in atmospheres isolated from the remaining plaques.  The remaining eight were grown 

in a shared atmosphere in the main chamber of the MAM.  The mini-MAM was an evolution 

of the main MAM chamber, and allowed a totally modular construction and assembly.  

Plaques could be grown in the mini-MAM in an atmosphere common with the other plaques, 

or isolated as a pair.  The MAM and mini-MAM were supported on purpose built 

polycarbonate stands with levelling feet.  The metabolic chambers were held upright using 

retort clamps and clamp stands. 

 

 

 

 

 

 

 

 

 

 

 

In the MAM and mini-MAM, each growth station was surrounded by five Quickfit™ ports.  

One port (B34 joint) at the side of the MAM held the plaque holder during growth.  A second 

port (B24) sited at the top of the MAM directly above the growing plaque supported the fluid 

Figure 2.7 A metabolic chamber with a microcosm plaque.  Metabolic chambers were used in this study 
in experiments 2 and 3 (MAM34C and MAM50) to provide an atmosphere independent from the main 
chamber (Fig 1.6) and also to isolate plaques treated with Listerine from the other plaques (see text in 
Chapter 4).   
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supply head.  Two ports (B24 and B40) at 45° angles to this top port could be used to support 

micro-pH electrodes (not used in this study) and a spare port (B24, also unused) was 

positioned directly opposite the first port (Fig. 2.8). 

The main MAM chamber also has a port to allow for the introduction of gas and ports for the 

removal of liquid waste from the base of the chamber.  A single GL18 port at one end of the 

five station MAM chamber is connected to the gas supply line.  This port was at the opposite 

end from where the two constituent chambers joined.  The gas (10% (v/v) CO2 in N2) was 

supplied at approximately 1.5 L per minute after being passed through a 0.2 µm filter and 

humidifier.  Waste pipes connected to the bottom of the chamber, one in each section at the 

opposite end to the gas inlet.  The waste drained into a 20 L polyethylene container, and gas 

flowed through this to a set of scrubbers, the first containing 0.1 M NaOH, the second 

containing 0.1 M HCl.  The mini-MAM chambers each had a gas inlet port offset from the 

centre of the chamber, and a waste pipe in the lower quarter.  This allowed for the growth of a 

base plaque in the bottom of each chamber, further lowering the O2 concentration in the 

chamber. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.8 Cross section of a plaque growth station in the Multiplaque Artificial Mouth.  The fluid 
delivery head has (left to right) a treatment reagent line, an injection septum, the media delivery line 
and a sucrose delivery line.  All fluids entering the head flow down onto a centrally aligned rod that 
extends down over the plaque.  The head is hollow, allowing an “infection lock” that prevents any 
infections that develop on the lower rod from entering any of the fluid supply lines. 
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The metabolic chambers had a similar B34 joint to hold the plaque support in position, and a 

B24 port to hold the fluid supply head in common with the other stations.  A B24 joint at the 

bottom of the chamber allowed it to be connected to a 2 L round bottom flask which collected 

the liquid waste.  Two Schott GL18 connections were used to connect the gas supply and 

permit gas cross-talk between chambers when required. 

The plaque holder consisted of a 7 mm diameter glass rod, 230 mm long, partially surrounded 

by a tube containing the male B34 joint required to mate into port 1 in each plaque growth 

station.  The plaque support, a 2 mm deep × 25 mm diameter glass ring, was positioned at the 

inner end of the rod (see Fig. 2.9).  Four glass posts spaced equally around its circumference 

secured the tissue culture coverslip used as a plaque substrate, as well as forming conduits to 

allow excess fluid to drain from the plaque. 

 

 

 

 

 

 

 

 

 

 

 

 

 

The fluid supply head (see Fig. 2.8) was constructed around a B24 cone.  At the point of the 

cone a 4 mm hole was positioned directly over a 5 mm bulge in the 2mm diameter glass drop-

positioning rod.  Two further holes above this allowed liquid and gas exchange if the bottom 

hole was blocked by infection.  The drop point was fixed over the centre of the plaque at a 

height of 17 mm above the substratum.  Above the cone, the fluid supply head consisted of a 

Figure 2.9 A plaque within the MAM during growth.  The plaque support (black arrow) pictured with 
plaque in place was used to align the plaque in the MAM chamber directly under the feed head while 
allowing the plaque to be easily removed for daily weighing and sampling as required.  The ring was 
attached to and supported and aligned by a glass rod (blue arrow).  This plaque was photographed shortly 
after mid-run sampling with the section removed visible in the right-hand middle quadrant. 
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30 mm diameter chamber with four GL14 threads, one vertical, the others approximately 30° 

from vertical.  The simulated oral fluid (DMM, section 2.4.2.1) was introduced through the 

vertical port, and sucrose and treatment agents were introduced through two of the angled 

ports.  The fourth port was not used during this study. 

 

2.3.2 Medium, Sucrose and Treatment Bottles 

Medium, sucrose, and treatments were held in glass reservoirs constructed from standard 

laboratory bottles (Schott Duran), with all modifications made above the taper below the lid.  

Medium reservoirs were based on 2 litre bottles, with a short, open tube, single GL18 and 

GL14 threads, and two GL10 threads added to the bottle.  The short, open tubes were used to 

attach filtered vents to equalise the gas pressure and maintain sterility while the medium was 

autoclaved and also during MAM operation.  The GL18 thread was blanked with a silicon 

membrane to allow the aseptic addition of non-autoclavable components using a hypodermic 

needle, syringe and a 0.2 µm syringe filter.  One GL10 thread was used to introduce the 

medium feed line to the bottle; the other had a similar siphon tube in place.  The medium feed 

line was formed from a section of glass tubing.  One end was squared off and passed through 

a silicone seal in the GL10 port and was inserted into the medium and to the bottom of the 

bottle.  The other end extended above the GL10 thread, was bent at 90° and tapered to insert 

into the silicone medium supply tubing.  The siphon tube was made from a similar piece of 

glass tubing, with an 18 G hypodermic needle inserted into a short section of silicon tubing 

and clamped off.  This allowed media to be aseptically transferred between bottles during an 

experiment. The GL14 thread was not used and simply capped during these experiments.   

The sucrose and treatment bottles were similarly constructed from 500 mL laboratory bottles, 

each with two GL10 threads and a gas vent filtered using a 0.2 μm PTFE membrane filter 

(Pall Acro®50, Pall Corporation, Ann Arbor,MI).  One GL10 was used to introduce a feed 

tube, the other simply capped.  The feed tubes were constructed in a similar manner to those 

used for the media bottles, except they were shorter. 

 

2.3.3 Pumps, Tubing and Connectors and Gas Supply 

Medium, sucrose and treatments were pumped onto the plaque at controlled flow rates 

through the feed-heads using Watson-Marlow 503U peristaltic pumps (Watson-Marlow, 

Wilmington, MA) with 12 or 16 place pump heads.  Tubing from the respective reservoirs 
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were attached to the peristaltic pump tubing using quickfit connectors constructed from 

hypodermic tubing (Drew, 1981; Sissons et al., 1991).  Each piece of pump tubing was joined 

in a similar fashion to a further length of silicon tubing, which was finally attached to the feed 

heads.  All joins were constructed using 11 and 14 gauge sterilised hypodermic tubing for 

medium tubing, and 15 and 18 gauge for the sucrose/treatment tubing.  This modularity 

allowed for the easy removal and replacement of any contaminated experimental equipment, 

particularly the feed heads, without compromising either the experiment or the sterility of the 

remaining components (Drew, 1981; Sissons et al., 1991).  

Medium (DMM, a chemically defined saliva analogue) was applied continuously at 3.6 mL/hr, 

except during the application of sucrose or treatments. Sucrose (3.75 mL, 5% (w/v) in water) 

was applied over 6 minutes every 8 hours to mimic the carbohydrate exposure associated with 

meals.  Treatments (9 mL) were applied over a 15 minute period every four hours.  

Treatments were timed to finish 30 minutes before and 3½ hours after sucrose application, as 

described in Chapters 4, 5 and 6.  Gas (10% (v/v) CO2 in N2) was applied continually at 

approximately 1.5 L/hr (Sissons et al., 1991; 1996).   

 

2.3.4 Incubator 

The incubator was constructed of 8 mm thick clear acrylic on a 12 mm opaque acrylic base.  

Doors and access panels were similarly constructed from 8 mm clear acrylic and were held 

closed with small wing-nuts that screwed onto stainless steel bolts cemented into the 

incubator sides.  Heating was thermostatically controlled and supplied by small domestic 

filament heaters.  Air circulation was proved by continuously running 100 mm diameter 

industrial fans.  Holes in the base of the incubator allowed the egress of waste tubes.  All 

media and pumps were housed on a purpose built shelves standing next to the incubator with 

the lines running into the incubator through a series of foam-sealed linear ports (Sissons et al., 

1991). 

 

2.3.5 Computer Control 

The functions of the artificial mouth system were controlled using LabVIEW software 

(National Instruments, Austin, TX) running on an Apple Macintosh LC desktop computer.  

This system controlled the switching box used to turn on and off the appropriate pumps to 

deliver the DMM medium, sucrose and treatments (Wong et al, 1994). 
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2.4 MAM Operation 

2.4.1 Physical preparation 

The MAM, mini-MAM, and metabolic chambers were assembled, complete with feed heads 

and plaque holders (but without coverslips) and placed onto their stands.  The metabolic 

chambers were laid flat on towels within stainless steel baskets during autoclaving.  All 

tubing quick-connect joints were wrapped in aluminium foil, and all tubing was clamped off 

with screw clamps.  The quick-connect joints on the pump tubing and media and treatment 

supply lines were also wrapped, and bundles of tubes were wrapped in foil and autoclaved at 

121°C for 1 hour.  Sucrose and treatment bottles were autoclaved empty with the tubing 

clamped and foil wrapped around the quick-connect joints.  The DMM medium was 

prepared (see 2.4.2.1) and autoclaved in media reservoirs with all the quick-connect joints 

also wrapped, and the filter tubing and the medium lines clamped to prevent the egress of 

media during autoclaving.   

After autoclaving the MAM and mini-MAM were placed into the incubator and levelled.  The 

metabolic chambers were clamped upright using retort clamps and stands and were also 

placed into the incubator.  Gas supply and waste removal tubes were connected, and the 

heaters turned on to bring the entire system up to 35°C.  The media, sucrose, and treatment 

feed lines and pump tubing were connected using the quick-connect fittings and then primed 

by running the pumps until the lines were filled.    

 

2.4.2 Preparation of Medium, Sucrose and Treatment Reagents 

2.4.2.1 Medium preparation 

DMM, a chemically defined saliva analogue, was prepared using a pig gastric mucin base 

(Sigma) supplemented with vitamins, trace elements and amino acids as described by Wong 

and Sissons (2001) and detailed in Tables 2.3, 2.4 and 2.5.  For each 1.8 L reservoir, 4.5 g of 

mucin was dissolved in 200mL distilled water.  The mucin was heated gently with continual 

stirring until completely dissolved then pasteurised at 80°C for thirty minutes and chilled 

overnight.  The following day the mucin was filtered under vacuum through Whatman No.1 

then No.4 filter paper to remove any suspended solids.  Some amino acids, choline chloride, 

sodium citrate, haemin and inositol were dissolved in distilled water and added to the mucin 

solution as detailed in Wong and Sissons (2001).  The pH was adjusted to 6.8 with 5M NaOH, 
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made up to 1.74L, and poured into a clean reservoir.  The medium reservoirs were then 

autoclaved at 121°C for one hour and allowed to cool to room temperature.  The following 

day the media were supplemented with components that were unable to be autoclaved; most 

of the amino acids used, urea, vitamins and growth factors and calcium chloride (Wong and 

Sissons, 2001).  The supplement was added to the media through the silicon septum in the 

GL18 port of the reservoir using a sterile 18 gauge hypodermic needle fitted with a 0.2 µm 

syringe filter fitted to a 50mL syringe.  Each reservoir was mixed thoroughly and connected 

to the pump tubing. 

 

2.4.2.2 Sucrose and Treatment Agents 

Sucrose (Reagent grade, Merck) was dissolved to 5% (w/v) in distilled water and sterilised by 

filtration through a 0.2 µm filter.  Approximately 200 mL was required per station for a 21 

day experiment.  Sucrose solutions were poured into sterile reservoirs under aseptic 

conditions. 

Commercially prepared treatments were poured directly into sterile reservoirs.  Chlorhexidine 

di-gluconate solutions (0.2% (v/v)) were prepared by diluting a 20% (v/v) solution (Sigma) 

1:100 into sterile distilled water in a reservoir bottle and mixing thoroughly.  Chlorhexidine 

di-acetate solutions (0.2% w/v) were prepared by adding 1 g of chlorhexidine di-acetate 

powder to 500 mL of sterile distilled water and mixing until dissolved. 

 

 

 

 

 

 

 

 

 

 

Table 2.3:  Salt, amino acid and vitamin/ growth factor composition of DMM. 

Salts (mmol/l) Concentration 

          CaCl2 1.0 

          MgCl2 0.2 

          KH2PO4 3.5 

          K2HPO4 1.5 
          NaCl 10.0 
          KCl 15.0 
          NH4Cl 2.0 

  
Urea 1.0 mmol/L 

Amino Acids  5 g/l casein  43.12 mmol/L 

Basal salivary amino acids
a
, n=21  770 µmol/L 

Vitamins/Growth factors
b
,  n=17   243 µmol/L 

a: see Table 2.4, b: see Table 2.5 
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2.4.3 Inoculation 

Stimulated saliva was collected from a volunteer who had refrained from oral hygiene for the 

previous 24 hours.  The saliva was filtered through a glass fibre mat in the base of a 50 mL 

syringe to remove food particles and other large pieces of debris and the saliva was held on 

ice.  Samples of the saliva inocula were retained for later CKB and protein analysis.  The 

saliva was placed into a sterile 25 mL beaker on a magnetic stirrer and was mixed continually 

using a sterile stir-bar.  One millilitre aliquots were applied to sterile 25mm diameter 

Thermanox tissue-culture coverslips (Nunc, Inc., Naperville, IL) using a 1 mL pipette and 

sterile tips.  The coverslips were incubated at room temperature for one hour to allow for 

settling, pellicle formation and adhesion before 800 µL of liquid was removed using a 1ml 

pipette and sterile tip.  The individual coverslips were placed onto plaque holders using sterile 

forceps and each plaque holder was returned to the MAM.  The first sucrose application was 

made within four hours of starting the media flow.  Treatments were started according to 

individual experimental protocols. 

Table 2.4:  Amino acid composition and concentration in DMM. 
Amino acid  Concentration (µmol/L) 

Alanine 50 

Arginine 50 

Asparagine 25 

Aspartic acid 25 

Cysteine 50 

Glutamic acid 25 

Glutamine 25 

Glycine 100 

Histidine 10 

Isoleucine 25 

Leucine 25 

Lysine 50 

Methionine 10 

Phenylalanine 25 

Proline 100 

Serine 25 

Taurine 75 

Threonine 25 

Tryptophan 10 

Tyrosine 15 

Valine 25 

TOTAL  770.0 
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2.4.4 Sampling 

2.4.4.1 Wet weight and plaque growth rates 

Plaques were weighed daily to quantify changes in wet weight.  The media flows were 

interrupted and plaque holders were turned individually to 30° from horizontal at one minute 

intervals.  The direction of this turn was alternated daily.  The plaques were allowed to drain 

for 30 minutes before being removed from the artificial mouth.  The plaque holders were 

clamped lightly in a clamp stand, the plaque and coverslip were lifted out of the plaque holder 

using sterile forceps, and the base of the coverslip was blotted gently on a sterile tissue to 

remove excess liquid.  The coverslip with the plaque was then weighed on a tared, sterile Petri 

dish base to limit contamination.  Weights were recorded to 0.1mg and the plaque was 

replaced in the plaque holder which was then returned to the MAM.  Media flows were 

resumed when all plaques had been weighed and returned to the MAM.  Plaque weights were 

calculated and displayed graphically. 

 

2.4.4.2 Plaque Photography 

Plaque holders were secured in a clamp stand during photography.  A piece of dark card was 

used as a background, and a ring light and double gooseneck light guides were used to 

illuminate the plaques.  Photographs of the plaques were taken using an Olympus DP10 

Table 2.5:  Vitamin and growth factor composition and concentration in 
DMM. 
Vitamin / Growth Factor Concentration (µmol/L) 

Choline chloride 100 

Citrate 50 

Uric acid 50 

Haemin 10 

Inositol 10 

Ascorbic acid 5 

Menadione 5 

Niacin 5 

Pyridoxine 4 

Creatinine 1 

p-Aminobenzoic acid 1 

Pantothenic acid 1 

Thiamine 1 

Riboflavin 0.3 

Biotin 0.1 

Cyanocobalamin 0.05 

Folic acid 0.025 
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digital camera mounted on an Olympus SZX10 stereo microscope at 25 × magnification.  

Electronic images were stored in TIFF format.     

 

2.4.4.3 Sampling for Checkerboard Analysis 

CKB samples were taken either using No. 11 dental excavators for spot sampling 

(approximately 1mg) or using razor wedges (10-50mg).  A “razor wedge” device (Fig. 2.3) 

for sample collection during growth had been developed in this laboratory. This allowed a 

more representative sample to be taken from a microcosm plaque.  It consisted of two single 

edged razor blades taped together by autoclave tape, with a 3 mm square strip of balsa wood 

10 mm long holding the blades apart at one end to form a wedge shape.  It was autoclaved 

before use.  To sample using the wedges, the closed end of a wedge was inserted into the 

centre of the plaque and the blade edges pushed down until they made full contact with the 

coverslip substrate.  The blades were then pulled gently but smoothly from the plaque, 

removing a small (0.5 – 2.0 mg) sample.  The sample was transferred into a tared 2.0 mL 

microcentrifuge tube and stored at -80°C until analysed.  The gap in the plaque was carefully 

closed using a sterile scalpel blade to minimise potential plaque erosion caused by opening a 

direct fluid channel from the centre of the plaque to the edge.  CKB samples were also taken 

using aliquots of the plaque suspensions prepared at the mid-run and end of run samplings 

(see 2.4.4.4).  All types of CKB samples were placed in tared 2.0ml microcentrifuge tubes, 

weighed, and stored at -86°C until analysed.   

 

2.4.4.4 Mid-run and End-of-Run sampling 

Mid-run samples were generally collected at day11 of a run when the treatment regimes were 

stopped.  Samples were typically collected for CKB analysis, and where sufficient plaque was 

available for Biolog™ and API ZYM profiling, protein (and sometimes mineral and 

carbohydrate) sampling, electron and light microscopy, and for any other experiments being 

undertaken. 

At the completion of a MAM experiment, samples were again typically collected for CKB 

analysis, API ZYM and Biolog™ profiling, protein concentrations (and sometimes mineral 

and carbohydrate) sampling, electron and light microscopy, and for any other experiments 

being undertaken from all plaques.  Any plaque remaining after these samples were collected 

was stored at -86°C. 
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2.5 Analytical Methods 

2.5.1 Chlorhexidine spectroscopy 

A time lag was seen in MAM34A and MAM34C between the cessation of treatment with 

chlorhexidine containing treatments and an increase in the growth rate of these plaques.  It 

was hypothesised that chlorhexidine was bound to the plaque EPS matrix and was washed out 

of the matrix until a time that the concentration in the plaque dropped to below inhibitory 

levels.  Chlorhexidine absorbs strongly in the UV spectrum (US patent 4,393,219, Medlicott 

et al., 1996).  As can be seen in Fig. 2.10, a large peak is observed at approximately 200 nm, 

with two secondary peaks seen at approximately 230 and 260 nm.   

An initial experiment was undertaken to plot the absorbance spectrum of chlorhexidine di-

gluconate and ensure that chlorhexidine can be extracted from plaque and the concentration 

estimated.  A spectrum scan of chlorhexidine was performed and it was determined that at the 

concentrations expected to be seen in the plaques the secondary peaks at 230 and 260 nm 

offered the best options for quantitation as the maximal peak absorbed too strongly (Fig. 2.11). 

 

 

 

 

 

 

 

 

 

 

 

 

2.5.1.1 Method Development 

As a baseline, a series of chlorhexidine solutions were scanned between 210 and 300 nm in a 

Cary 1 spectrophotometer.  Absorbance peaks were seen at approximately 230 and 260 nm 

Figure 2.10 Absorbance spectrum of Chlorhexidine.  This figure shows the absorbance spectrum of 
chlorhexidine di-2-pyrolidone-5-carboxylate from US patent 4,393,219.  Note absorbance peaks at 
approximately 200, 230, and 260 nm. 
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(Fig. 2.11).  A series of dilutions of chlorhexidine were prepared (0.1% to 0.001% (v/v)) to 

quantify the effective concentration range of the assay; see Table 2.6 for 260 nm CHX 

absorbance values.  These were prepared in triplicate and the average values were used to 

prepare a standard curve to calculate the chlorhexidine concentrations in plaque samples. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

A buffer was required to extract the chlorhexidine from the plaque for quantification.  A 

solution of 0.15 M NaCl was prepared and the absorbance spectrum identified (Fig. 2.12) 

along with that of 0.1M HNO3.  With its considerably lower absorbance values, the NaCl 

solution was selected as the basis for the extraction buffer.  A series of absorbance spectra 

from 210 to 300 nm for the detergents SDS, Tween-20 and Triton X-100, all at 0.1% (w/v) or 

(v/v) in 0.15 M NaCl, were produced and are presented in Fig. 2.13.  0.1% (w/v) SDS in 0.15 

M NaCl was selected as the final extraction buffer. 

Figure 2.11 The absorbance spectrum of 0.001% CHX from 210 to 300 nm.  The two minor peaks seen 
in Fig. 2.10 can be seen.  The tail of the large peak can be seen at the left of the figure. 

Table 2.6: Absorbance values at 260 nm for a series of chlorhexidine dilutions 

Concentration Absorbance (260 nm) 

0.001% 0.314 

0.0025% 0.800 

0.005% 1.470 

0.0075% 2.157 

0.01% 3.167 

 

 



Chapter 1 Introduction 56 

 

To ensure that the extraction process and measurement would give realistic values, a series of 

chlorhexidine-spiked samples were prepared by adding a dilution series of chlorhexidine to 

plaque suspensions in microcentrifuge tubes.  The suspension was allowed to incubate at 

35°C for 2 hours to allow the chlorhexidine to bind to cells and any plaque matrix in the 

suspension.  The suspension was centrifuged (12,500 g, 5 minutes) to pellet the cells and the 

supernatant was removed.  The cell pellet was resuspended in 100 µL of extraction buffer and 

incubated at 35°C for 1 hour or 20 hours.  The cells were again pelleted by centrifugation and 

the supernatant was transferred to a fresh microcentrifuge tube and assayed.  The samples 

were again analysed spectrophotometrically and a typical scan is presented in Fig. 2.14.  

Extracting for either one or 20 hours appeared to produce equivalent results.  A one hour 

extraction was subsequently used for all samples. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

After examining the scans it was decided that with the change in the shape of the peak at 

approximately 230 nm compared to the original spectrum (Fig. 2.11) the peak at 

approximately 260 nm would be used for quantitating samples.  Therefore, the region of the 

spectrum from 250 to 280 nm was analysed in all samples. 

Figure 2.12 Chlorhexidine spectral comparisons.  The absorbance spectrum of 0.001% CHX overlayed 
with the absorbance spectra of 0.15 M NaCl and 0.1 M HNO3. 
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Figure 2.13 Chlorhexidine spectral comparisons.  The absorbance spectrum of 0.001% CHX overlayed 
with the absorbance spectra of 0.1% w/v SDS, 0.1% v/v Tween 20 and 0.1% v/v Triton X-100. 

Figure 2.14 The absorbance spectrum of plaque dosed with 0.01% CHX and extracted using the final 
method described in the text.  Note the different shape of the peak at 230 nm compared to the same 
region in Fig. 2.11.  Due to this change, the peak at approximately 260 nm was used to quantify samples. 

 

 

 

 

 

 

 

 

 

2.5.1.2 Final Chlorhexidine Spectroscopic Analysis Method 

Standards were prepared by spiking known amounts of chlorhexidine solution into 

suspensions of known amounts of plaque to give final concentrations of 0.001%, 0.0025%, 

0.0075% and 0.01%.  The standards were incubated at 35°C for 2 hours to allow the 

chlorhexidine to bind, centrifuged (12,500 rpm, 5 min) to pellet the plaque mass and the 

supernatant was discarded. 

 

 

 

 

 

 

 

 

  

Samples of plaque were placed into sterile tared microcentrifuge tubes and weighed.  One 

hundred microlitres of extraction buffer (0.1% (w/v) SDS in 0.15 M NaCl) was added to both 

the standards and the samples which were all vortexed to suspend the plaque in the buffer.  

The suspensions were incubated at 35°C for 1 hour then centrifuged (12,500 rpm, 5 min) to 

pellet the plaque mass.  The supernatant was transferred into a fresh tube and assayed. 
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Each sample was scanned in a dual-beam Cary 1 Spectrophotometer from 250 to 280 nm (Fig. 

2.15) using un-treated plaque, containing no CHX, extracted using the same technique as a 

reference to zero the instrument.  The peak absorbance values from the standards (262 nm) 

were used to prepare a standard curve and the absorbance value at the same wavelength was 

used to quantify the amount of chlorhexidine present in each sample.  Samples whose 

absorbance value was higher than the highest standard were diluted appropriately in 

extraction buffer and reanalysed.   

 

 

 

 

 

 

 

 

2.5.2 Lowry Method for Protein Determination 

The Lowry method (Lowry, 1951) was used to determine the protein concentration of plaques.  

This method uses the Biuret reaction, in which Cu2+ ions react with the peptide bonds to 

form Cu+ ions which then react with the Folin reagent to form a deep blue colour.  This 

reaction is sensitive down to 0.01 mg of protein per mL and is most effective in the 

concentration range of 0.01 to 1.0 mg protein per millilitre. 

All standards and samples were assayed in triplicate.  Using a 2 mg/mL solution of bovine 

serum albumin standards of 0, 10, 20, 50, 100, 200, 500, 1000, 2000 µg/mL were prepared.  

After adding 500 µL of 2 × Lowry solution (Appendix I) to each standard, the solutions were 

mixed by vortexing and incubated at room temperature for 10 minutes.  250 µL of 0.2N Folin 

reagent was added, the solution vortexed, then incubated at room temperature for 30 minutes. 

Five hundred microlitres of an 8 mg/mL plaque suspension was aliquoted into 

microcentrifuge tubes in triplicate for each sample.  The protein in each sample was 

precipitated by adding an equal volume of 100% trichloroacetic acid, incubating overnight at 

Figure 2.15 Absorbance spectrum of an extracted standard containing 0.0075% CHX.  The 
spectrophotometer was zeroed against untreated plaque extracted using the same method. 
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4°C and centrifuging (12,500 g, 5 minutes, room temperature) to pellet the protein.  The 

supernatant was removed by aspiration and the samples were desiccated under vacuum. 

The protein pellets were resuspended in 500 µL of water before adding 500 µL of 2 × Lowry 

solution, vortexing and incubating at room temperature for 10 minutes.  250 µL of 0.2N Folin 

reagent was then added, the solution was vortexed then incubated at room temperature for 30 

minutes.  The absorbance of all samples and standards was determined in a Shimadzu 

UV1650 spectrophotometer at 750 nm.   

 

2.5.3 Biolog™ Assay 

The Biolog™ system (Biolog, Inc., Hayward CA., USA) is a series of microplate based 

assays developed as a microbial identification tool based on the utilisation profiles of a series 

of fixed carbon sources and provides a “metabolic fingerprint” of the sample (Table 2.7).   

This fingerprint can be used to identify or characterise a single microbial species or as a tool 

for microbial community analysis (Campbell et al., 2003; Garland and Lehman, 1999; 

Hadwin et al., 2006; Smalla et al., 1998) and had also been optimised for use with microcosm 

dental plaques (Anderson et al., 2002). 

Plaque samples were suspended to 8 mg/mL in sterile 0.85% (w/v) NaCl.  The Biolog™ GP2 

plates were inoculated by adding 150 µL of plaque suspension to each microwell using an 8-

channel multi-channel pipette.  The plates were incubated at 35°C for 16 h under anaerobic 

conditions before being read in a microplate spectrophotometer (Benchmark; BioRad 

Laboratories, Hercules, CA.) at 595 nm.  The plates were read again at 24 and 48 hours.   

 

2.5.4 API ZYM Assay 

The API ZYM gallery (bioMérieux, Marcy l'Etoile, France) provides an assay to determine 

the enzymatic profile of an organism based on a panel of 19 enzymes (Table 2.8).  It has been 

used in a number of clinical settings to differentiate bacterial species based on their enzymatic 

profiles (Brander and Jousimies-Somer, 1992; Wüst et al., 2000).  The assay is composed of a 

plastic tray containing 20 cupules, the first being a negative control followed by 19 substrates 

in a proprietary buffer.   

Plaque samples were suspended to 8 mg/mL in sterile 0.85% (w/v) NaCl and the API ZYM 

trays were inoculated by adding 50 µL of plaque suspension to each cupule with the trays 
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then incubated at 35°C for 4 h in 10% (v/v) CO2.  After incubation, 40µL of ZYM A solution 

(Appendix I) and 40µL of ZYM B solution were added to the reactions in the test cupules. 

The results were interpreted and recorded on the supplied report sheet. A colour intensity 

value from 0 to 5 was assigned for each reaction according to the colour chart enclosed with 

the kit.  The API ZYM trays were also photographed to record the results. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 2.8 Enzymes assayed by the API ZYM strips 

1 control 11 acid phosphatase 

2 alkaline phosphatase 12 naphthol-AS-BI-phosphohydrolase 

3 esterase 13 α-galactosidase 

4 esterase-lipase 14 β-galactosidase 

5 lipase 15 β-glucuronidase 

6 leucine arylamidase 16 α-glucosidase 

7 valine arylamidase 17 β-glucosidase 

8 cystine arylamidase 18 N-acetyl-β-glucosaminidase 

9 trypsin 19 α-mannosidase 

10 chymotrypsin 20 α-fucosidase 

 

Table 2.7 Carbon Sources in a Biolog™ GP2 plate 
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2.5.5 LIVE/DEAD BacLight Cell Viability Assay 

The LIVE/DEAD BacLight Bacterial Viability (L7012) assay uses two nucleic acid stains 

that differ in their ability to penetrate healthy bacterial cells to determine cell viability (Barker 

et al., 1997).  The green-fluorescent SYTO® 9 stain labels both live and dead bacteria and the 

red-fluorescent propidium iodide stain will only penetrate bacteria with damaged membranes. 

In this system ‘live’ bacteria with intact membranes fluoresce green, while ‘dead’ bacteria 

with damaged membranes fluoresce red.   

An 8 mg/mL suspension in 0.85% (w/v) NaCl was prepared for each plaque sample 

investigated as part of the standard sampling regime and 0.5 mL was transferred to a new 

microcentrifuge tube.  Using the prepared fluorescent dye solutions in Kit L7012 (Molecular 

Probes, Eugene, OR, USA), 1.5 µL of a 1:1 mixture of both dyes was added to each sample, 

followed by incubation at room temperature for 15 minutes before examination using a Leica 

DM-R microscope equipped with appropriate fluorescence filters.  Red and green cells in 5 

random fields from each sample were counted.  Total cell numbers in each sample were 

recorded and percentages of viable cells were calculated. 

 

2.6 Statistical analysis of data 

For analysis of protein and percent dry weight samples, data from triplicate samples from 

each plaque were averaged.  Standard errors were calculated by dividing the standard 

deviation the square root of the number of replicates.  Concentrations and standard errors 

were plotted as bar charts. 

The responses of the microcosm plaques to different growth conditions was investigated using 

PCA (SPSS, Chicago, IL, USA), ANOVA with post-hoc Bonferroni correction (Partek 

Genomics Suite, Partek Inc., St. Louis, MO, USA) at a level of significance of P ≤ 0.05, and 

Hierarchical Clustering with average linkage using the Un-weighted Pair-Group method using 

Arithmetic averages (UPGMA, SPSS).  PCA and hierarchical clustering analyses were 

performed on the Biolog data (SPSS) and displayed graphically. 

ANOVA (Pavlidis, 2003) a robust tool for comparing samples for significant differences is 

based on the variation between sample replicates. One-way ANOVA was used in this study to 

compare plaque species composition between controls and individual treatments, both at 

individual species and grouped species levels.  CKB data is generally not perfectly normally 



Chapter 1 Introduction 62 

 

distributed and variance assumptions may also not be met. Therefore log2 transformation of 

the data was followed by Bonferroni correction which balanced the tendency of ANOVA to 

give better than expected p-values and reduced type I error. 

PCA simplifies and provides a concise overview of a dataset by identifying underlying 

patterns (de Haan et al., 2007).  The data variance is displayed and attributed to a number of 

dimensionally reduced principal components.    The greatest variance is attributed to the first 

principal component.  This allows the dataset to be reduced in dimensions while retaining the 

underlying characteristics that provide the greatest contribution to its variance.  It allows the 

overall properties of plaques subjected to different treatments to be compared.  Plaques 

showing similar species compositions will cluster together in a PCA plot and conversely 

plaques that have markedly different compositions will be separated in one or more 

dimensions. 

Hierarchical clustering (Eder et al., 1999) graphically represents the differences between 

plaques by grouping them into clusters based on their similarities.  The two most similar 

plaques are combined into a cluster.  Clustering then continues until all of the plaques are 

grouped and is represented by a tree structure or dendrogram that presents the clusters as a 

hierarchy.  The horizontal distance between the branch points is proportional to the similarity 

or differences between the samples with the more similar the samples, the shorter the 

branches between them.  
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Chapter 3 –Caries-Focussed Checkerboard DNA:DNA 

Hybridisation and Pilot Childhood Caries Study. 

 

3.1 Checkerboard DNA:DNA Hybridisation Optimization 

3.1.1 Introduction 

With the aim of using a more cariogenic focussed panel than that of Socransky et al., the 

microbe panel used in this study contained many more closely related streptococci and 

lactobacilli than the previous peridontally focused panel.  During the initial establishment 

of CKB technology in this laboratory, high levels of cross-hybridisation reactions, often 

between 10 and 20%, could be seen among the streptococci and lactobacilli in particular, 

and to a lesser extent among the Actinomyces, Fusobacterium, Prevotella and some other 

species.  These high levels of inherent error would have introduced inaccuracies when 

quantifying the signals from CKB membranes by over-estimating the quantities of the 

cross-hybridising species.  Hence we needed to attempt to minimize these cross reactions 

by re-evaluating and re-optimising the hybridisation and detection steps of the system as a 

whole.  This included examining and optimising the hybridisation buffer composition, the 

post-hybridisation wash conditions, anti-DIG antibody binding, plaque loading, and the 

probe concentrations used in the hybridisation reactions.  Further, to include the eukaryotic 

Candida albicans and allow for future total DNA estimation on the membrane, the yeast 

RNA blocking agent was removed from the pre-hybridization and hybridization buffers.  

The aim of this optimisation exercise was to increase both the specificity and sensitivity of 

the system to provide a cleaner and more accurate set of results from each CKB membrane. 

 

3.1.2 Checkerboard Hybridisation and Detection Optimisation 

3.1.2.1. Hybridisation buffer conditions 

Methods: 

To preserve the option of quantifying the amount of sample DNA laid on the membrane 

using fluorescent DNA binding dyes such as Sybr-Green (Molecular Probes), it was 

desirable to eliminate the blocking nucleic acids from the pre-hybridisation and 

hybridisation buffers used by Socransky et al. (1994, 1998; Table 3.1, buffer 1). Variations 

of two pre-hybridisation and hybridisation buffer systems were evaluated with the aim of 
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minimising background and optimizing probe signal intensity. The first was the 

SSC/Denhardt’s buffer system originally used by Socransky et al. (1994), in which 

exclusion of blocking nucleic acids was investigated (buffer 2). In the second system 

formamide (prehybridisation and hybridisation buffers) and dextran sulphate 

(hybridisation buffer) were added to high SDS buffers (buffer 3, Church and Gilbert, 1984).  

To investigate and compare these buffer compositions, 10 replicate microcosm plaque 

samples were laid on to each of four membranes.  Two of these membranes were probed 

using a set of 15 probes selected to give G+C contents ranging from 27% to 65% (Holt et 

al., 1994, see Fig. 3.1) to assess the removal of the salmon sperm DNA from the 

hybridisation buffers.  The other pair of membranes was probed with a similar panel to 

assess the suitability of the high SDS buffers in this system (Fig. 3.2). 

 

 

 

 

 

 

 

 

 

 

 

Results: 

Removal of salmon sperm DNA from the original SSC/Denhardt’s based buffers (Table 

3.1, buffer set 2) gave a lower background and increased sensitivity for most probes 

(Fig. 3.1). In particular, it improved the sensitivity of some high G+C species, notably the 

Actinomyces. Analysis of 10 microcosm plaque samples using buffer sets 1 and 2, but with 

a slightly different probe panel, gave equivalent improvement (Data not shown). High SDS 

buffers (Table 3.1, buffer 3) increased the non-specific binding of the probes to the 

membrane and were not investigated further (Fig. 3.2a). 

Figure 3.1 Effect of removing the salmon sperm blocking DNA from the hybridisation buffer.  Eight lanes of 
a preparation of microcosm plaque (0.25 mg per lane) and DNA standards were laid on each of two 
membranes.  Membrane A was probed using hybridisation buffer 1 (containing blocking DNA, Table 3.1), and 
membrane B was probed using hybridisation buffer 2 (DNA omitted).  The probes used, along with their G+C 
contents are indicated above. 
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Figure 3.2 High SDS and Denhardt’s hybridisation buffers.  Hybridisation Buffers containing a high 
concentration of SDS buffered with phosphate (Table 3.1, Buffer 3, A) were compared to the original buffers 
containing Denhardt’s solution and SSC (Table 3.1, Buffer 2, B).  The SDS-based buffer substantially increased 
streaking along the hybridisation chamber tracks, and did not provide a beneficial alternative in this system. 

 

Table 3.1:  Prehybridisation and hybridisation buffer formulations evaluated during this study. 
 

Buffer 1 Buffer 2 Buffer 3 

   

Pre-hybridisation buffers:   
50% formamide 50% formamide 50% formamide 

5 SSC
a
 5 SSC 7% SDS 

1% casein 1% casein 0.5 M Na2HPO4 

5 Denhardt’s solution
a
 5 Denhardt’s solution 1 mM EDTA 

25 mM Na2HPO4 25 mM Na2HPO4  
0.4 mg/ml salmon sperm DNA

b
   

   

Hybridisation buffers:   
45% formamide 45% formamide 45% formamide 

5 SSC 5 SSC 7% SDS 

1 Denhardt’s solution 1 Denhardt’s solution 0.5 M Na2HPO4  

20 mM Na2HPO4 20 mM Na2HPO4 1mM EDTA 
10% dextran sulphate 10% dextran sulphate 10% dextran sulphate 
1% casein 1% casein  
0.2 mg/ml salmon sperm DNA   

 

a
 See Appendix II for full descriptions of these reagents. 

b
CKB buffers originally contained yeast RNA as a blocking agent.  This was replaced with salmon sperm 

DNA (Difco) to reduce potential cross reactions with C. albicans probes.  
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3.1.2.2 Anti-DIG: alkaline phosphatase antibody detection 

Methods: 

Engler-Blum et al. (1993) noted that increasing the NaCl concentration in the antibody 

blocking and wash buffers led to an increase in chemiluminescent signal intensity. To 

investigate this effect, a comparison was made of the manufacturer’s recommended 

concentration of 150 mM NaCl in the antibody blocking and wash buffers with 300 mM 

NaCl.  These authors also reported that decreasing the concentration of blocking reagent 

(casein) in the antibody blocking buffer reduced the background signal, and so a casein 

concentration of 0.5% (w/v) was compared to the standard 1.0% (w/v). For these 

comparisons, eight lanes of a microcosm plaque suspension and two lanes of DNA 

standards (1 and 10 ng DNA) were laid in duplicate on a single membrane. The membrane 

was probed in duplicate with a set of 15 probes (see Fig. 3.8), hybridised and stringency 

washed before being cut into quarters. One quarter of the membrane was treated with the 

original antibody blocking and wash buffers (150 mM NaCl, 1% (w/v) casein). Buffer 

composition was varied so that quarters were also treated in 150 mM NaCl, 0.5% (w/v) 

casein; 300 mM NaCl, 0.5% (w/v) casein; and 300 mM NaCl, 1.0% (w/v) casein. This 

experiment was repeated once. A further similar experiment was carried out to increase the 

NaCl concentration to 500 mM, and to compare 1% and 1.5% casein. 

Results: 

Increasing the NaCl concentration in the antibody blocking and wash buffers from 

150 mM (Fig. 3.3A and C) to 300 mM (Fig. 3.3B and D) increased detection sensitivity. 

However, reduction of blocking reagent (casein) from the standard 1% (Fig. 3.3C and D) 

to 0.5% (Fig. 3.3A and B) increased background signals.  Increasing the concentration of 

casein to 1.5%, or NaCl above 300 mM had no apparent effect on the background levels or 

sensitivity (data not shown). The increased sensitivity obtained by adjusting the NaCl 

concentration to 300 mM and using 1% blocking agent necessitated a reduction in the 

amount of plaque DNA sample applied to the membrane from 0.5 to 0.25 mg per sample.   

As can be seen in Fig. 3.3, the signals from replicate sample showed better consistency 

when buffers containing 300 mM NaCl were used as opposed to the original buffers 

containing 150 mM NaCl.  This proved to be a key improvement in the system.  
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3.1.2.3 Post-hybridisation wash buffer optimisation 

Methods: 

As washing membranes at a higher stringency post hybridisation reduces non-specific 

hybridisations, it can also lower probe cross hybridisation where mismatches occur 

between probe and target molecules from closely related species.  Three levels of 

stringency were examined to select conditions that would result in good levels of signal 

intensity with minimal levels of inter-species cross hybridisation.  The phosphate based 

wash buffer used by Socransky et al. (1998) was retained as that had proven superior, with 

lower background signal than the standard saline citrate (SSC) buffer commonly used in 

Southern blotting applications (Sambrook et al., 1989, data not shown).  Two 

concentrations of SDS in this buffer were examined (the original 1% (w/v) and 0.5% 

(w/v)) along with two commonly used wash temperatures (68°C and 72°C). 

Figure 3.3 Antibody buffer optimisation.  After the post-hybridisation stringency wash, the membrane 
was cut into quarters, and treated with antibody blocking and wash buffers containing varying 
concentrations of casein and NaCl.  Panels A and B were blocked and washed in solutions containing 
0.5% casein, and panels C and D in 1% casein.  NaCl concentrations of 150 mM were used on panels A 
and C, and 300 mM NaCl was used on panels B and D.  The results shown are one of two that gave very 
similar results. 
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Results: 

Decreasing the SDS concentration to 0.5% (w/v) at 68°C reduced levels of cross 

hybridisation and general non-specific binding when compared to the original conditions 

(1% (w/v) SDS, 68°C, Fig. 3.4).  An equivalent result was seen when the temperature was 

increased to 72°C while retaining the SDS concentration at 1% (data not shown).  As can 

be seen in Fig. 3.4, both increasing the wash temperature to 72°C and decreasing the SDS 

concentration to 0.5% reduced the hybridisation signals to unacceptable levels.  As a result, 

the SDS concentration was lowered to 0.5% at a wash temperature of 68°C for all 

subsequent experiments. 

This experiment was repeated using a panel of Streptococcus and Actinomyces probes 

(Fig. 3.5).  Improvements were also seen when either decreasing the SDS concentration or 

increasing the temperature.  Once again, adjusting both variables tended to remove 

excessive amounts of signal from the membrane (data not shown).   

This figure highlights the cross reactions frequently seen between species within the same 

genus.  It can be overcome to a certain degree by maintaining the highest probe quality, 

and by incorporating the other improvements that were made to the CKB system in this 

study, particularly lowering probe concentration and reducing the amount of sample 

loaded on the membrane. 

Figure 3.4 Stringency adjustments of the post-hybridisation wash buffers.  The membranes were blocked and 
hybridised using pre-hybridisation and hybridisation buffer 2 (Table 3.1) then washed using the variations of 
SDS concentration and temperature indicated. 
 



Chapter 3 Caries-Focussed Checkerboard DNA:DNA Hybridisation and Pilot Childhood Caries Study 69 

 

 

 

 

 

 

 

 

 

 

 

 

 

3.1.2.4 Plaque lysis 

Methods: 

During DNA extractions for probe preparation, C. albicans would often prove problematic 

due to frequent failure to achieve cell lysis during DNA extraction.  Samples of microcosm 

plaques were also larger (often  8 mg) than clinical plaque scrapings. 

A number of treatment conditions were examined to ensure that complete lysis of the 

samples was occurring, particularly of any Candida present, as this genus had not 

previously been targeted by CKB hybridisation techniques.  Suspensions of C. albicans 

cells (approximately 10
6
 cells per sample) and 5 mg/mL suspensions of microcosm plaque 

were used to test the extraction conditions. 

The extraction conditions evaluated included alkali concentrations of 0.5, 1.0, and 2 M 

NaOH, and extraction times of 5, 10, and 30 minutes at 100°C, as specified in Table 3.2. 

The extraction conditions were refined in a second experiment, using a range of NaOH 

concentrations between 0.2 and 1.0 M.  Extraction times of 2, 5, and 10 minutes at 100°C 

and overnight at 35°C were also trialled (Table 3.3). 

Figure 3.5 Stringency adjustments of the post-hybridisation wash buffers using a different probe set.  Panel A 
shows the original conditions (1% SDS, 68°C).  Panel B shows the effect of reducing the SDS concentration to 0.5% 
at 68°C.  Again, both increasing the wash temperature to 72°C and reducing the SDS concentration to 0.5% 
removed too much positive signal from the membrane without further reducing cross-hybridisation (data not 
shown).  Intra-genus cross-reactions, particularly between Streptococcus and Actinomyces species proved 
problematic, even with good probes at high stringency levels. 
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Results: 

The results of the first extraction experiment are shown in Fig. 3.6.  When extracting DNA 

for CKB analysis from plaque samples, NaOH concentrations of 1.0 M and above do not 

appear to improve extraction compared to 0.5 M, and if extraction continues for longer 

than 5 minutes at these concentrations the samples tend to become severely degraded. 

 

Increasing the NaOH concentration with C. albicans cells resulted in significantly 

increased cross reactions with a range of both Gram positive and Gram negative bacteria.  

It is hypothesised that these extraction conditions may have resulted in the release of DNA 

from the yeast mitochondria which subsequently hybridised to the bacterial probes. 

Incubating the samples at 35°C overnight (experiment 2, Fig. 3.7) in varying 

concentrations of NaOH appeared to give equivalent results to a 5 minute extraction in 

0.5 M NaOH at 100°C.  Boiling for longer than 5 minutes tended to degrade the samples 

particularly at NaOH concentrations above 0.25 M, and as little as two minutes in 1 M 

NaOH also led to excessive degradation.  Extracting in 0.2 M NaOH for 2 minutes did not 

appear to sufficiently extract the sample, as seen by the fainter signals on the membrane. 

Table 3.3: Conditions used in the second experiment to test DNA extraction from plaque and C. 
albicans cells prior to CKB analysis.  The table details the samples subjected to each treatment 
regime. 

NaOH  Minutes at 100°C  Overnight  

concentration (M) 5 10 30 at 35°C 

0.2  Plaque  Plaque Plaque 

0.25  Plaque 
C. albicans 

Plaque 
C. albicans 

Plaque 
C. albicans 

Plaque 
C. albicans 

0.5  Plaque 
C. albicans 

Plaque 
C. albicans 

Plaque 
C. albicans 

Plaque 
C. albicans 

1.0  Plaque Plaque Plaque Plaque 

 

Table 3.2: Conditions used in the first experiment to test DNA extraction from 
plaque and C. albicans cells prior to CKB analysis.   

NaOH  Minutes at 100°C  

concentration (M) 5 10 30 

0.5  Plaque 
C. albicans 

 Plaque 
C. albicans 

1.0 Plaque 
C. albicans 

Plaque Plaque 
C. albicans 

2.0  Plaque 
C. albicans 

Plaque Plaque 
C. albicans 
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CKB samples were extracted at 100°C for 5 minutes in a final NaOH concentration of 

0.25 M in subsequent experiments.  This allowed for more than sufficient DNA extraction 

and also provided a safety margin against over-extraction and sample degradation. 

 

3.1.2.5 Effect of probe concentration on cross-reactions and detection sensitivity 

Methods: 

While establishing this technique and optimising probes, it had been observed that higher 

concentrations of probes in the hybridisation mixture produced increased levels of cross 

hybridisation with DNA from other species.  While the increase in true target signal was 

proportional to the increase in probe concentration in a linear fashion, the signal from the 

cross hybridisation reactions increased in an apparent exponential way.  Doubling the 

probe concentration gave double the amount of true signal, but more like four times the 

signal from the cross reactive species.  An experiment was designed to examine the 

optimal probe concentrations to minimise cross hybridisation reactions.  A membrane was 

Figure 3.6  Target DNA extraction optimisation.  Plaque was extracted under a number of conditions of alkali 
concentration and boiling time as listed on the right hand side of the figure and described in the text.   
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laid with 1 and 10 ng of purified DNA from a range of closely related Streptococcus 

species, including two strains of S. mutans from unrelated sources.  The two strains of 

S. mutans were included to ensure intra-specific hybridisations were maintained at optimal 

levels. The target DNA was probed with a corresponding range of individual probes 

diluted to 40, 20, 10 and 5 ng/mL.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Results: 

Figure 3.8 illustrates the importance of optimising probe concentrations to produce 

sensitive detection with low levels of cross-reaction. As probe concentration decreased, so 

did the level of cross-hybridisation to related species. However, at low concentrations, the 

detection sensitivity decreased substantially. The two S. mutans strains behaved identically.  

Figure 3.7 Target DNA extraction optimisation continued.  A follow up experiment to the results seen in 
Fig. 3.6 focussed on lower concentrations of NaOH and shorter boiling times as well as lysis at 35°C 
overnight.  The overnight extraction gave equivalent results to boiling for 5 minutes in the same 
concentration of alkali.   
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A probe concentration of 10 ng/ml usually produced a good balance between sensitivity 

and cross-reactivity.  Routine probe calibration experiments demonstrated a similar trade-

off between cross-reactivity and probe sensitivity. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

3.1.3 Summary and Discussion 

One of the key outcomes of this thesis was the establishment and refinement of CKB 

hybridisation as a robust tool for the analysis of microcosm dental plaques.  Without this 

or another similar technique, the ability to analyse the species changes in dental plaque 

during and after treatment with anti-microbial agents would be very limited and would be 

unable to provide the answers required for this study.  The conditions for studying a broad 

range of Gram positive potentially cariogenic microorganisms using CKB technology have 

been optimised.  The probe panel developed has changed from a focus on Gram negative 

periodontal pathogens (Table 2.1, Socransky panel), to one that includes more Gram 

positive species suspected of involvement in cariogenesis. These include increased 

numbers of streptococci and lactobacilli, Bifidobacterium dentium and Candida albicans.  

Figure 3.8  Probe cross hybridisation optimisation.  Cross hybridisations between closely related 
species diminished with reducing probe concentration.   
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With perhaps over 1,000 species of microorganisms normally occupying the oral cavity 

(Keijser et al., 2008; Moore and Moore, 1994; Paster et al., 2001), the selection of 40 

species in the CKB probe panel has required careful prioritisation.  These species are 

selected to be indicators of changes in the overall ecology of the plaque with the inclusion 

or exclusion of a large number of microbes the subject of qualitative rather than 

quantitative decisions.  It is most likely that the CKB panel will continue to change from 

the iteration used in this study as our knowledge of this ecosystem increases and species 

that are empirically shown to indicate changes in the dental plaque ecology are identified.   

Because the species composition of plaque will shift in the transition to a cariogenic state 

(Marsh, 2003), some periodontal pathogens and species not likely to be caries pathogens 

have been retained in the panel.  These are likely to be indicators of changes in plaque 

pathogenicity and their proportions may respond to transitions from health compatible 

plaque to a disease-related state.  Work in this laboratory has shown that a key indicator of 

plaque acidification was a decrease in periodontal pathogens and “commensal” microbes.  

Retaining a number of these species in a caries-focussed panel will provide potential early 

indicators of changes toward a more cariogenic plaque. 

In this study, the CKB technique has been further refined by adjustments to the 

hybridisation buffers and antibody blocking and wash buffers.  The increased NaCl 

concentration in the antibody-blocking and -wash buffers increased the sensitivity of 

hybrid detection (Fig. 3.3).  This probably occurred through enhanced binding of the probe 

fragments to the target DNA during the antibody binding and wash steps (Engler-Blum et 

al., 1993).  This required stringency in the post hybridisation wash steps to be increased, 

and probe concentrations during hybridisation were also reduced to compensate for the 

increased levels of signal. These modifications to the overall sensitivity and selectivity of 

the system have significantly reduced cross-hybridisation reactions between some of the 

streptococci and to a lesser degree, the Actinomyces.  There is a trade-off between 

minimising cross-reactions and maintaining probe sensitivity, particularly in related 

families such as the Streptococcus and Actinomyces genera.  Increasing the post-

hybridisation wash stringency, which was done by lowering the SDS concentration, 

improves the situation, but a procedure such as subtraction hybridisation may be necessary 

to totally eliminate significant cross-reactions between closely related species (Ximenez-

Fyvie et al., 1999).   
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The quality of the template DNA used for probe preparation appears to have a large effect 

on the sensitivity and specificity of the resulting probe.  Higher quality DNA resulted in 

greater labelling efficiency.  This produced superior probes that exhibited higher levels of 

both sensitivity and specificity. 

Overall, the CKB system involves a series of critical steps.  Deterioration or improvement 

in any of these steps has a cumulative effect on sensitivity and selectivity as a whole.  

Refinements in one area (for example, antibody binding) led to and required the re-

optimisation of other aspects (probe concentration, post hybridisation stringency and 

plaque loading).  In comparing CKB hybridisation and cultural analysis of sub-gingival 

plaque samples for a small number of organisms, Papapanou et al. (1997) suggested that 

stringency and sensitivity were key areas of CKB technology that could lead to disparity 

between this and methodologies such as cultural analysis. They concluded that CKB 

results were probably more reliable.   
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Figure 3.9 Complexes of periodontally-relevant plaque bacteria established by CKB Analysis 
(Socransky et al., 1998) 

3.2 Caries-microbiota Relationships in Children by Checkerboard 

DNA:DNA Hybridization Analysis:  A Pilot Study.  

 

3.2.1 Introduction 

One aim of this study was to validate CKB analysis using the caries-focussed panel for 

clinical and epidemiological studies in an approach to identify cariogenic plaque species 

with the ultimate aim of predicting caries development, particularly in primary school age 

children.  CKB hybridisation was used to characterise the microbiota composition at 

different caries-relevant oral sites in the plaque of 5 to 6 year-old children from low SES-

ranked schools in Christchurch schools (TFEA index decile 1-4, 10 = highest).  

CKB analysis was used by Socransky et al (1998) to identify and define microbial 

complexes (designated with colours) of bacteria in subgingival plaque that were 

ecologically associated in plaques associated with different degrees of periodontal disease 

(Fig. 3.9).   

 

 

 

 

 

 

 

 

 

 

 

 

Purple, yellow, and green complexes create conditions that allow the establishment of the 

orange (pre-pathogenic) complex. That in turn appears to create conditions promoting the 

major PD ‘pathogen’ red complex. 
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Health-compatible, early- and advanced-caries groups of microbes may exist as a 

cariogenic plaque develops.  These conceivably differ in different cariogenic environments 

e.g. in fissure, approximal or in root surface plaques. Pre-caries complexes may provide an 

early indication of caries risk.  

This pilot study examined the site specificity of species in the CKB panel in relation to 

dmft (decayed, missing or filled deciduous teeth).  

 

3.2.2 Method 

Plaque was collected using a Multi-brush (Fig. 3.10) from the buccal surfaces of upper and 

lower anteriors, the embrasure between the first and second molars of the four mouth 

quadrants, and the mid-tongue from 31 children enrolled in the Christchurch School and 

Community Dental Service. The protocol was approved by the Canterbury Ethics 

Committee and written parental /guardian consent obtained.  Checkerboard samples were 

stored in 0.25 M NaOH, 0.5  TE buffer at -20°C until analysed using the method 

described in Chapter 2. 

For analysis (t-test ) they were grouped: undetected (dmft = 0, n = 8), low/moderate (dmft 

= 1-4, n = 7), and high (dmft  5, n = 16) caries.  

 

 

 

 

 

 

 

3.2.3 Results 

Mean, SE and significance of the difference between the 0 dmft and >5dmft groups are 

shown in Fig 3.11A and B and summarised in Table 3.4 for each species’ probe. There 

were a number of caries- and site-specific composition differences.  

Figure 3.10 Multi-brush used for obtaining plaque and tongue samples from children in this study. 
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Compared to zero dmft children, high-caries children had high levels of some bacteria at 

specific oral sites, especially the upper anteriors.  These included: Corynebacterium 

matruchotii, Leptotricia buccalis, Eubacterium saburreum, bacteria that are not normally 

associated with caries, and Candida albicans and Lactobacillus fermentum.  Bacteria 

negatively associated with caries included Streptococcus gordonii and most anaerobes eg  

Porphyromonas gingivalis, but also Lactobacillus acidophilus and Streptococcus mutans.  

There appears to be a complex site-specific bacterial relationship to dental caries, and that 

a reasonably comprehensive ecological analysis of the plaque microbiota is required to 

characterise plaque cariogenicity, as species not typically associated with cariogenesis 

(E. corrodens, L. buccalis, C. matruchotii and E. sabureum) appear to show potential as 

indicators of plaque cariogenic potential, while species frequently associated with caries 

appear to be non-informative.  These results were obtained from plaque samples taken 

from intact enamel and the tongue, and plaque in areas of active caries are likely to contain 

different species profiles.  Comparing samples taken from an active caries site with those 

from the sites sampled in this preliminary study may give some insight into the 

relationships between species prevalence on intact enamel versus those in an active carious 

lesion. 

Significant differences in prevalence of plaque species at different oral sites between the 

high and undetected caries group were detected even with these small numbers of children. 

Upper anterior plaque and tongue biofilms yielded overall the strongest caries associations 

(Table 3.5).  These sites may yield the clearest indicators of caries activity and may 

provide the most effective samples in any kind of clinical screening program.  Mid-tongue 

biofilms had quite different microbiota frequencies to tooth plaques (Fig 3.11A and B), 

with a number of differences between the low and high caries group not seen in the tooth 

plaques, eg with Eikenella corrodens and Bifidobacterium dentium.   The significant most 

consistent across site positive ecological correlations with dmft status were given by 

species with little obvious relationship to caries etiology: the anaerobes Corynebacterium 

matruchotii, Eubacterium saburreum and Leptotrichia buccalis.  Other species, the 

frequency of which were elevated on tooth sites in the high caries group were Candida 

albicans and Lactobacillus fermentum in upper anterior plaque, Actinomyces gerencseriae 

and Fusobacterium nucleatum in lower approximal plaque.  
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Table 3.4:  Site Specificity of differences between high vs zero caries groups.  

Group / Species UA LA UPx LPx T 

Cariogenic streptococci      

Streptococcus mutans    f F* 
Streptococcus sobrinus     c 
Streptococcus mitis I  C    
Streptococcus oralis      
Streptococcus parasanguinis c    C 
Streptococcus vestibularis       

Lactobacilli / Bifidobacterium      
Lactobacillus acidophilus F F f f  
Lactobacillus casei f f    
Lactobacillus fermentum C*    C* 
Lactobacillus plantarum      
Lactobacillus rhamnosus     f 
Bifidobacterium dentium     C 

Candida albicans      
Candida albicans C*    c 

Non-cariogenic streptococci      
Streptococcus mitis II f f f   
Streptococcus anginosus F  F  f 
Streptococcus gordonii       F   
Streptococcus sanguinis        f   
Streptococcus intermedius       f 

Actinomyces      
Actinomyces gerencseriae    C*  
Actinomyces israelii F  f f  
Actinomyces naeslundii      
Actinomyces odontolyticus   f   
Actinomyces viscosus      

Aerobes      
Neisseria mucosa  c  c  
Haemophilus parainfluenzae  F*   C f 

Anaerobes I      
Veillonella parvula      
Capnocytophaga gingivalis  c    
Fusobacterium nucleatum nucleatum   C   
Campylobacter rectus    F  

Anaerobes II      
Peptostreptococcus asaccharolyticus c     
Gemella morbillorum      
Prevotella melaninogenica  f c  F 
Leptotrichia buccalis C  C*  C 
Eubacterium saburreum C* C c c C 
Corynebacterium matruchotii c c C C  

Periodontitis I      
Micromonas micros    F  
Eikenella corrodens   f  C* 
Prevotella nigrescens /intermedia F* f  F  

Periodontitis II      
Aggregatabacter actinomycetemcomitans       
Porphyromonas gingivalis     f 
Selenomonas noxia   C  F 
      

Associated with: High caries, c p<0.05, C p<0.01,  
C* p<0.001 

Undetected caries, f p<0.05, F p<0.01, 
F* p<0.001 

      

UA = Upper Anteriors, LA = Lower Anteriors, UPx = Upper Proximal, LPx = Lower Proximal, T = Tongue 
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Negative associations with caries status i.e species more frequently detected on tooth sites 

in the zero dmft children, included: Streptococcus group 2 species (e.g S. gordonii, 

S. anginosus), Actinomyces israelii, L. acidophilus, Prevotella nigrescens/intermedia, 

Peptostreptococcus micros. Porphyromonas gingivalis was also consistently (but not 

significantly) higher is this group. Disappearance of such species from plaque may be a 

useful indicator of a caries plaque. 

In some instances, both positive and negative dmft associations were seen at different sites 

e.g. with Selenomonas noxia and Haemophilus parainfluenzae probes. 

Table 3.5:  Strength of caries associations at different oral sites. 

Association with Caries Weight UA LA UPx LPx T 

       
Positive       

c p<0.05 1× 3 3 2 2 1 
C p<0.01 2× 1 2 2 2 4 
C* p<0.001 3× 3 0 1 1 2 

       
n  7 5 5 5 7 

Weighted for significance  14 7 9 9 15 

       
Negative       

f p<0.05 1× 2 4 6 3 5 
F p<0.01 2× 3 0 2 3 2 
F* p<0.001 3× 2 0 0 0 1 

       
n  7 4 8 6 8 

Weighted for significance  14 4 10 9 12 

       
Total (+ and -)       
p<0.05 1× 5 7 8 5 6 
p<0.01 2× 4 2 4 5 6 
p<0.001 3× 5 0 1 1 3 
       

n (C+F)  14 9 13 11 15 
Weighted for significance  28 11 20 18 27 
       

 UA = Upper Anteriors, LA = Lower Anteriors, UPx = Upper Proximal, 
LPx = Lower Proximal, T = Tongue 
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Figure 3.11A CKB analysis of plaque samples from upper and lower anterior and proximal 

sites.  Highlights indicate species associated with high caries at * p=0.05; ** p=0.01 and 

*** p=0.001 and no caries * p=0.05; ** p=0.01 and *** p=0.001 
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3.2.4 Summary  

Despite its reputation as a caries pathogen, the proportion of S. mutans in the plaque 

biofilm was consistently slightly higher in samples from the tooth surfaces of the ‘caries-

free’ group and significantly higher on the tongues of those without caries. The putative 

caries pathogens in the Streptococcus Group 2 (Table 3.4) also did not correlate well with 

dmft status, which suggests that tracking so-called caries pathogens may be less useful 

than an overall ecological analysis of plaque.  Perhaps especially acidogenic/aciduric 

microbial strains may be involved in cariogenic plaque development. The presence of 

these might be detectable indirectly by their effects on whole plaque ecology. 

Lactobacilli were variable, with L. fermentum having a positive and others, especially 

L. acidophilus, a negative relationship to dmft. This divergence might explain the limited 

association with caries found for total lactobacilli measures e.g. Rogosa agar counts 

Figure 3.11B CKB analysis of plaque samples from the tongue.  Highlights indicate species 

associated with high caries at * p=0.05; ** p=0.01 and *** p=0.001 and no caries * p=0.05; 

** p=0.01 and *** p=0.001 
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(Aamdal-Scheie et al., 1996; Ellen et al., 1985; Nyvad and Killian, 1990). 

These results and others (Aas et al., 2008; Becker et al., 2002) indicate dental caries has a 

complex etiology, and a reasonably comprehensive ecological analysis of the plaque 

microbiota is required to characterise plaque cariogenicity and investigate species 

complexes involved in the onset and development of dental caries.  

CKB analysis with an appropriate selection of 40 probes, although targeting only perhaps 

10% of the bacterial species present in a particular supragingival plaque, provides an 

analysis of what appears to be complex differences in microbial compositions between 

health-compatible and cariogenic plaque biofilms. This has been indicated in this pilot 

study as well as a number of other studies where CKB analysis has been used to determine 

the underlying ecological patterns in the onset and progression of both dental caries and 

periodontal disease (Aas et al., Socransky and Haffajee, 2005; Socransky et al., 1998; 

Haffajee et al., 2008).  A more extensive study, now underway, will test the hypothesis 

that community clusters of bacteria form during development of a cariogenic plaque 

(Marsh and Nyvad, 2003, Sissons et al., 2007; Takahashi and Nyvad, 2008). 
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Chapter 4:  Antimicrobial Experiment I – Initial Evaluation of 

Commercial Mouthrinses applied to Pre-formed Microcosm 

Plaques 

 

4.1 Outline 

An initial screening of four commercially available mouthwashes with suitable controls 

was undertaken to determine which, if any of these would suppress in vitro plaque growth.  

Also investigated were the effects of these on species composition as well as plaque 

structure and physiology.  These treatment agents were: 

 Listerine™ (original formulation) with 27% (w/v) ethanol as a control. 

 Savacol (0.2% (v/v) chlorhexidine di-gluconate and surfactants).  

 0.2% (w/v) chlorhexidine di-acetate as a positive control. 

 Plax (0.1% Triclosan). 

 OralB (Cetylpyridium Chloride 0.05%). 

 A distilled water control (H2O Control). 

 An untreated control (DMM Control). 

Treatment agents were assessed on their ability to suppress the growth of preformed 3 day 

old microcosm plaques and their effect on regrowth after the treatment was discontinued.  

Nothing was applied to the DMM control plaque during treatment periods.  

 

4.1.1 Experimental Aims 

The aims of this experiment, denoted MAM34A, were to determine the effects of applying 

the commercial mouthrinses and chlorhexidine to preformed microcosm plaques which 

had grown untreated for 3 days after inoculation before treatment commenced, and to 

determine the effects of removing the reagents after approximately 12 days of application 

to allow regrowth (Fig. 4.1). 
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Figure 4.1 Schematic diagram of the treatment timetable used for MAM34A.  Plaques were grown for 
approximately 72 hours before treatment commenced, when they were treated for 15 minutes every four 
hours (see Fig. 4.2) until day 15.  From day 15 until the end of the experiment (the recovery phase) plaques 
were grown under standard growth conditions without further treatment. 

 

 

 

 

 

 

 

 

4.2 Methods 

4.2.1 General Antimicrobial Experimental Methods: 

The multi-plaque artificial mouth (MAM), media (DMM), sucrose, and treatment agents 

were prepared and inoculation of Thermanox™ coverslip substrata with plaque enriched 

saliva proceeded (Chapter 2).  DMM flow was started after a one hour adhesion period and 

the microcosm plaques received their first 8 hourly sucrose application after approximately 

4 hours of inoculation.  Treatment agents were applied for 15 minutes every four hours, 

commencing 30 minutes before and 3½ hours after the eight-hourly sucrose applications 

(Fig. 4.2).   

 

 

 

 

 

 

 

Plaque wet weights were recorded daily.  At the conclusion of the treatment regime, 

microcosm plaques were weighed and photographed, and mid-run samples were taken as 

described for each experiment.  The plaques were returned to the MAM and were grown 

under standard conditions (Methods, Chapter 2) without further treatment until the 

Figure 4.2 The typical treatment application regime used during these experiments.  Sucrose was 
applied for 6 minutes every eight hours to mimic meals.  Treatment agents were applied for 15 minutes 
every four hours, with treatment commencing 30 minutes before and 3½ hours after the sucrose 
application.  This application regime was repeated three times over each 24 hour period. 
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conclusion of the experiment.  During the regrowth phase, plaques were again weighed 

daily.  At the end of the experiment, plaques were weighed, photographed and sampled as 

described below.  Details of the sampling regimes and methods are described in Chapter 2.   

The plaques were inoculated and grown until day 3 under standard conditions (continuous 

DMM, 8 hourly sucrose, 5% (v/v) CO2 in N2).   

 

4.2.2 Specific Protocols for Antimicrobial Experiment 1 

Throughout the experiment the microcosm plaques were weighed daily to determine 

weight changes.  Treatments, as described in Table 4.1, commenced at 11:30 am on the 

third day of the experiment and were applied (15 minutes every 4 hours) until 3:30 am on 

d15.  The final treatment was timed to allow the antiplaque agents to be flushed from the 

plaque by the DMM flow before sampling commenced. 

 

 

 

 

 

 

 

On day 15, the plaques were weighed and photographed with samples taken for CKB 

analysis. 

At the conclusion of sampling, the plaques were replaced in the MAM chamber and grown 

until d22 under standard conditions.  Plaque wet weights were again recorded daily to 

determine weight changes.   

On d22 plaques were again weighed and photographed, and samples of each plaque were 

taken for CKB analysis and protein quantification.  Any plaque remaining after sampling 

concluded was stored at -86°C. 

 

 

Table 4.1:  Station conditions for Experiment 1 (MAM34A)    

Plaque Station conditions 

1 27% ethanol (Listerine control) 

2 OralB 

3 control 

4 Plax (triclosan) 

5 Untreated control – no anti-plaque agent. 

6 Savacol (CHX di-gluconate 0.2%) 

7 0.2% CHX di-acetate 

8 Listerine (original) 
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4.3 Results and Interpretation 

4.3.1 Plaque Wet Weights and Growth  

The control curves were slightly biphasic, and in the case of the DMM control actually 

decreased.  Oral B appeared to have little, if any effect on the plaque growth rate during 

treatment, although the growth rate of this plaque did appear to accelerate once treatment 

ceased (Fig. 4.3).   

The growth of the plaque treated with Listerine was compared with those of the untreated 

and DMM controls and the plaque treated with 27% (v/v) ethanol (Fig. 4.4).  The plaque 

treated with 27% ethanol grew the most rapidly after an initial decrease in weight from d4 

to d6.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.3  Growth Curves of Control and OralB-treated plaques .  This graph presents the growth curves 
for the control plaques and OralB-treated plaque with the start and finish of the treatment period 
indicated by the black arrows.   
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It was approximately double the mass of the control plaques at the end of the treatment 

phase and at the conclusion of the regrowth phase was nearly three times the weight of the 

controls.  It appeared that rather than having an inhibitory effect on the plaque bacteria, the 

ethanol was used by the biofilm community as a carbon source for growth.  It is possible 

that the drop in weight after the initiation of treatment coincided with a period of strong 

selection, and the composition of the plaque shifted so that species that were more tolerant 

of ethanol were selected for and flourished.  However, this seems unlikely as of the 40 

species assayed in the CKB analysis, the only species to have increased significantly 

between the ethanol-treated plaque and the control plaques at d15 was S. mitis I which was 

at significantly lower levels in the ethanol-treated plaques (see Table 4.2).  The plaques 

were not sampled during growth from the start of treatment for CKB analysis, so it was not 

possible to establish whether any relevant species changes occurred in this plaque 

compared to the controls from d3 to d7.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 4.4 Growth Curves of Listerine and ethanol-treated plaques and controls.   
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The Listerine-treated plaque behaved quite differently to the ethanol-treated plaque during 

treatment, with plaque growth inhibited strongly during the treatment phase.  Once 

treatment ceased the growth rate increased rapidly, with the weight of this plaque about 1.5 

times that of the DMM and H2O controls at the conclusion of the experiment. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The growth of plaques treated with Plax, Savacol, and Chlorhexidine are compared to the 

controls in Fig. 4.5.  The growth of the plaque treated with Chlorhexidine was strongly 

suppressed, although not completely.  This plaque did continue to slowly increase in wet-

weight throughout the treatment phase of the experiment.  In contrast, in the plaques 

treated with Plax and Savacol, a reduction in wet weight was seen almost immediately 

after treatment started.  It was hypothesised that the detergents in these agents may have 

disturbed the plaque matrix allowing biofilm material to be washed from the plaque, and 

resulted in the wet-weight decrease seen.  After this initial decrease, the wet weights 

remained quite constant throughout the treatment phase.  After the treatment stopped, the 

wet-weights of the Plax and Savacol-treated plaques increased slowly for the first two days 

Figure 4.5 Growth Curves of Plax, Savacol and Chlorhexidine Treated Plaques and controls.   
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of regrowth before increasing rapidly after d17.  At the conclusion of the experiment, both 

these plaques were of a similar size to the controls.  The Chlorhexidine treated plaque 

recovered a lot more slowly than these other two plaques, with no change for 5 days post-

treatment.  After d20 the wet-weight of the CHX-treated plaque increased more slowly 

than that of the Savacol-treated plaque, with the CHX-treated plaque a little over half the 

weight of the control plaques at the experiment’s conclusion. 

The differences in the wet-weight trends of the plaques treated with Savacol and its active 

ingredient control (CHX) were interesting, particularly during the recovery phase.  These 

plaques responded to the cessation of treatment more slowly than any of the other plaques, 

with the Savacol-treated plaque recovering more quickly than the CHX-treated plaque 

(Fig. 4.5).  The differences seen in the wet weights are possibly due to the differences 

between the chlorhexidine di-acetate used as the control and Savacol, which contains 

chlorhexidine di-gluconate and surfactants.    It was hypothesised that Chlorhexidine is 

bound into the plaque matrix, and that it took significant time for the CHX concentrations 

to drop below inhibitory concentrations once treatment had ceased.  This phenomenon was 

further investigated in a later experiment by determining the amount of CHX present in the 

plaques spectrophotometrically (See Chapter 6, MAM 50). 

The growth of the DMM control plaque was poor during the treatment period, and the 

weight changes followed that of the Listerine-treated plaque (Fig. 4.4).  These two plaques 

were grown in adjacent growth stations during this experiment, and it is possible that 

volatile essential oils from the Listerine may have interfered with the growth of this and 

other plaques.  Time and resource limitations precluded further investigation of this 

hypothesis, and to minimise the risk that this could occur in subsequent experiments, 

plaques treated with Listerine were isolated from the remaining plaques and were grown 

either in Metabolic Chambers or the Mini-MAM (see Chapter 2). 

 

4.3.2 Plaque Visual Appearance 

The visual appearances of the plaques were consistent with the growth data (Fig. 4.6) in 

that it was quite obvious from the images which plaques had grown during the treatment 

phase of the experiment and which plaques had either stagnated or lost biomass.   The only 

visual difference seen in the OralB-treated plaque compared to the controls was retention 

of some of the blue dye present in this formulation.  The ethanol-treated plaque was larger 
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and appeared to be denser than the control plaques.  It had a thick, “leathery” crust over 

much of the biofilm.  This made sampling difficult. 

During the treatment phase of the experiment, the plaques treated with CHX and Savacol 

appeared to shrink down onto the substratum, with the biofilm taking on a compact and 

dry appearance with the Savacol-treated plaque retaining the green dye from the 

formulation, resulting in the green coloration seen in Fig. 4.6.  It appears from the visual 

appearance of these plaques, as well as their behaviour during sampling that the fluid 

normally contained within the biofilms was significantly reduced by these agents.  

Conversely, the plaques treated with Listerine and Plax appeared to have a more open 

architecture and slightly gelatinous consistency.  Clear areas appeared in the centre of 

these plaques.  They appeared to retain more fluid in the biofilm than the controls.   

 

 

 

 

 

 

 

 

 

 

 

 

 

The cleared area that developed in the centre of the Plax-treated plaque may have been 

responsible for the concurrent reduction in wet weight.  Cells were likely to have been 

killed or washed from the plaque during treatment.  It appears that a treatment gradient 

may have formed, radiating out from the centre of the plaque, and biomass was removed 

down this gradient.  Alternatively, hydrodynamic force and stress radiate out from the drop 

Figure 4.6 Photographs of the MAM34A microcosm plaques at d15 (end of treatment) and d22.  Note the 
clear area of no growth in the centre of the Listerine-treated plaque, especially when compared to its 
ethanol control.  The dense, flattened appearance of the Savacol and CHX-treated plaques was also 
observed, as was an area of inhibition in the Plax-treated plaque.  The Plax and Listerine-treated plaques 
appeared to be less dense, with greater biofilm liquid content than the controls. 
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Figure 4.7 MAM34A Plaque Protein Concentrations.  Protein concentrations were measured at the 
conclusion of the experiment (d22). 

impact point and in conjunction with the surfactant ingredients of the treatment agent may 

cause this effect.  A similar effect was seen in the Listerine-treated plaque with a clear 

region in the centre of the plaque developing during treatment.  A concurrent drop in wet 

weight was seen and the biofilm formed a thick fringe of growth around the edge of the 

coverslip (Fig. 4.6).   

 

4.3.3 Plaque Proteins 

Samples from each plaque were taken for protein analysis at the end of the experiment and 

analysed using the modified Lowry method described in Chapter 2 (Fig. 4.7).  The protein 

concentrations of the individual plaques on a wet-weight base were substantially affected 

by the treatment agent applied.  The controls contained 28 µg protein per mg plaque 

(DMM control) and 37 µg/mg (H2O control) with the Listerine, ethanol and OralB-treated 

plaques containing less than this, 25, 20 and 12 µg/mg respectively.  The Savacol (28 

μg/mg) and Plax (27.5 µg/mg) treated plaques contained very similar protein levels to the 

DMM control, with the CHX-treated plaque containing much more protein at just over 40 

µg/mg plaque. 
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These results may be explained by variation in plaque EPS content and hydration.  They 

concur with the visual appearances of the plaques; the CHX-treated plaque appeared to be 

drier with less liquid in the plaque matrix than other plaques and contained a higher 

concentration of protein.  The Listerine, ethanol and OralB-treated plaques appeared to 

contain much more liquid within the plaque matrices than the controls and they have lower 

protein concentrations. 

 

4.3.4 Checkerboard Analyses of the Plaque Microbiota 

4.3.4.1 Principal Component Analyses  

At d15, the end of the treatment period, PCA separated the plaques into two main apparent 

groups (Fig. 4.8A).  The first group consisted of the H2O control and the OralB, Plax and 

ethanol-treated plaques.  The second tighter grouping contained the DMM control and the 

plaques treated with Savacol and chlorhexidine.  Although the H2O and DMM controls 

were included in different groups, they were very similar in Principal Component 1 (PC1) 

and fairly close in PC2.  The Listerine-treated plaque separated from both groups.  The 

same groups seemed to be evident at d22, but clustered less tightly on the PCA plot. 

With the groupings seen in the PCA plots, it seems unlikely that there were major changes 

in overall plaque species composition that could be attributable to the application of the 

treatment agents during the treatment phase of the experiment, except perhaps for Listerine.  

Some divergence in species composition was seen during the recovery phase which was 

evidenced by the dispersal of the previous plaque groups.    

 

 

 

 

 

 

 

 

 
Figure 4.8 PCA plots of treated and control plaques from MAM34A at days 15 (A) and 22 (B).  Two plaque 
clusters were seen at d15 but the plaque compositions appeared to diverge by d22 
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These results suggest that by restricting growth and metabolic activity during the treatment 

phase of the experiment, the treatment agents were also as a consequence preventing a 

major change in species composition. 

 

 

4.3.4.2 Hierarchical Cluster Analysis  

The d15 hierarchical clustering results gave similar grouping of the plaques to the PCA 

with the Listerine-treated plaque most separated (Fig. 4.9 A).  At d22 the Savacol and 

chlorhexidine plaques separated at 50% similarity from the control cluster with the 

Listerine-treated plaque also clustering close to this pair.   

Both patterning statistic methods indicated that there were some changes in the species 

compositions between the controls and individual treated plaques.  Different treatment 

agents also appeared to have different effects on the plaque species composition.  These 

effects became more apparent during the recovery phase of the experiment, the restrictive 

growth conditions during treatment constraining composition changes.  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.9 Hierarchical Cluster Linkage Map of MAM34A plaques at d15 (A) and d22 (B).  The clustering 
patterns seen here are similar to those seen by PCA.  Clustering at d22 was much weaker than at d15 
suggesting the species diversity in the plaques increased during the recovery phase of the experiment. 
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4.3.5 Changes in Individual Species  

At d15 the following species differed significantly (ANOVA, n=5) between the treated and 

the H2O control plaques (Table 4.2).  The Plax-treated plaque had increases in S. mutans, 

S. sobrinus, L. rhamnosus, G. morbillorum, P. melaninogenica, and P. gingivalis 

indicating increased pathogenesis.  The plaque treated with Oral B showed similar 

increases.  The Listerine-treated plaque had increases in L. fermentum and C. matruchotii, 

and a decrease in S. mitis I with the ethanol-treated plaque also showing a greater decrease 

in S. mitis I although the F. nucleatum nucleatum responses differed.  In the chlorhexidine 

and Savacol-treated plaques there were no species that were significantly different to the 

control plaque.  The highly suppressive nature of the chlorhexidine in these agents 

appeared to reduce metabolic activities, including growth in these plaques to very low 

levels.  The species compositions appeared frozen, as with no growth occurring there was 

no opportunity for the species compositions to change.   

At the end of the re-growth phase (Table 4.3), the plaques had further differentiated with 

more treatment – species combinations differed significantly from the controls.  In the 

chlorhexidine treated plaque, levels of L. plantarum and S. anginosus decreased while 

E. sabureum, E. corrodens, N. mucosa, and H. parainfluenzae all increased.  There were 

fewer differences in the Savacol-treated plaque, with a decrease in S. anginosus the only 

significant difference. 
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Table 4.2 Checkerboard analysis of each plaque at d15 showing the percentage of each species in the 
plaque.  Bold, italicized text indicates where a species is significantly different from the control (p≥0.05, 
see text).  Orange highlights indicate a two-fold or more reduction in that species, while green highlights 
indicate a two-fold or more increase in that species compared to the controls. 
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Table 4.3 Checkerboard analysis of each plaque at d22 showing the percentage of each species in the 
plaque.  Bold, italicized text indicates where a species is significantly different from the control (p≥0.05, 
see text).  Orange highlights indicate a two-fold or more reduction in that species, while green highlights 
indicate a two-fold or more increase in that species compared to the controls. 
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4.3.6 Analysis of Variance – “Functional” Species Groups 

Data from individual species was combined into “functional” groups.  The groups 

employed were: Cariogenic streptococci, lactobacilli / Bifidobacterium, C. albicans, Non-

cariogenic streptococci, Actinomyces, Aerobes, Anaerobes I and II, and Periodontitis I and 

II species (Table 4.4) and the results are presented as pie charts in Fig. 4.10.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The first three groups are generally considered to contain microbial species responsible for 

cariogenesis and lesion development.  The compositions of the treated plaques were 

compared (ANOVA) to those of the control plaques for each time point as well as to 

compositions of the corresponding treatment control plaques, and the compositions of the 

plaques at the end of the treatment stage of the experiment (d15) were compared to those 

at the end of the experiment (d22 – see Fig. 4.10). 

While the proportions of each group varied between the treatments, the ANOVA showed 

that few of these changes were significant.  At d15, the OralB-treated plaque showed a 

small but significant decrease in the proportion of the Anaerobes II group, and the 

Listerine-treated plaque showed a similar decrease in the Periodontitis I group.  The 

Table 4.4:  Functional species groups used during Checkerboard Analysis 

Cariogenic streptococci Aerobes 
Streptococcus mutans Neisseria mucosa 
Streptococcus sobrinus Haemophilus parainfluenzae  
Streptococcus mitis I Anaerobes I 
Streptococcus oralis Veillonella parvula 
Streptococcus parasanguinis Capnocytophaga gingivalis 
Streptococcus vestibularis  Fusobacterium nucleatum nucleatum 
Lactobacilli / Bifidobacterium Campylobacter rectus 
Lactobacillus acidophilus Anaerobes II 
Lactobacillus casei Peptostreptococcus asaccharolyticus 
Lactobacillus fermentum Gemella morbillorum 
Lactobacillus plantarum Prevotella melaninogenica 
Lactobacillus rhamnosus Leptotrichia buccalis 
Bifidobacterium dentium Eubacterium saburreum 
Candida albicans Corynebacterium matruchotii 
Candida albicans Periodontitis I 
Non-cariogenic streptococci Parvimonas micra 
Streptococcus mitis II Eikenella corrodens 
Streptococcus anginosus Prevotella nigrescens 
Streptococcus gordonii     Prevotella intermedia 
Streptococcus sanguinis      Periodontitis II 
Streptococcus intermedius   Aggregatibacter actinomycetemcomitans  
Actinomyces Porphyromonas gingivalis 
Actinomyces gerencseriae Selenomonas noxia 
Actinomyces israelii  
Actinomyces naeslundii  
Actinomyces odontolyticus  
Actinomyces viscosus  
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proportion of this group in the Listerine-treated plaque was also significantly different 

from that of the ethanol-treated (Listerine control) plaque.  The DMM control had a 

decrease in the Periodontitis I group, and there were no significant differences between the 

H2O control and the Savacol, chlorhexidine, Plax and ethanol-treated plaques at d15. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

At d22, the Periodontitis I group was a significantly larger proportion of the plaque than in 

the H2O control.  The chlorhexidine and Listerine-treated plaques both had significant 

Figure 4.10 Grouped species composition of control and treated plaques at d15 and d22.  Species were 
grouped as detailed in the text and subjected to ANOVA with Bonferroni corrections.  Red asterisks (*) 
indicate a significant difference (p≤0.05) in the indicated species group between the treated plaques and 
the controls at that time point (d15 or d22).  Green asterisks (*) indicate a significant difference in the 
indicated group between the treatment and treatment control plaques (Savacol and CHX or Listerine and 
ethanol).  Blue asterisks (*) indicate a significant difference in the indicated group between the two time 
points (d15 and d22) for that plaque type. 
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decreases in the non-cariogenic streptococci and increases in the aerobes.  There was a 

similar set of differences between the Listerine-treated plaque and its ethanol control.  

There were no significant differences seen between the H2O control and the Savacol, Plax, 

OralB and ethanol-treated plaques at d22. 

With there being few differences of significance seen between the H2O control and the 

treated plaques, hypothesis I, simple perturbation, is the most likely of the proposed 

hypotheses to account for the observations in this experiment. 

Proportions of cariogenic and periodontally relevant species from each treatment type were 

calculated and compared (Table 4.5).  Cariogenic species included the cariogenic 

streptococci and lactobacilli/Bifidobacterium groups and C. albicans while the 

periodontally relevant species included the periodontitis I and II groups.  Cariogenic 

species increased in the Listerine-treated plaque during treatment while the proportion of 

periodontally relevant species declined.  The OralB and Savacol-treated plaques showed 

increases in the periodontal species during treatment.  However, by the end of the recovery 

phase of the experiment, the proportion of these species groups were all similar to those of 

the control plaques. 

 

 

 

 

 

 

 

 

 

 

From these results it appeared that it was possible for some treatment agents to have an 

effect on the plaque species composition.  With the variation in species compositions of 

the two control plaques at d22, it is unclear at this point whether the variation seen is a 

Table 4.5:  Proportion of suspected cariogenic and periodontitis associated species present for each 
plaque type at d15 and d22.  Cariogenic species included the cariogenic streptococci and 
lactobacilli/Bifidobacterium groups and C. albicans while the periodontally relevant species included the 
periodontitis I and II groups.    

Plaque Day 15 Day 22 

 Cariogenic 
species (%) 

Periodontitis 
species (%) 

Cariogenic 
species (%) 

Periodontitis 
species (%) 

DMM Control 30.8 13.5 20.6 16.7 

H2O Control 28.6 11.6 29.8 8.8 

Listerine 37.5 8.0 23.2 18.2 

Ethanol 29.6 12.3 23.6 11.6 

CHX 27.3 14.4 19.9 19.0 

Savacol 28.6 15.8 26.3 15.8 

Plax 33.4 12.5 31.1 11.4 

OralB 30.5 16.1 25.2 12.2 
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result of the applied treatment or if it is due to the normal stochastic variation seen in these 

microcosm dental plaques which is discussed in more depth in Chapters 6 and 8.   

 

4.4 Summary  

This initial experiment provided a foundation for the further study of the effects of 

antiplaque agents on the growth, species composition, and physiology of microcosm dental 

plaques.   

All of the treatments suppressed plaque growth measured as wet weight increase except for 

OralB.  After the cessation of treatment, plaque growth had variable time lags for the 

different plaques before substantial weight increase was seen.   

Few significant species changes were seen either at the end of the treatment phase of the 

experiment or after the plaques had recovered.  PCA and hierarchical clustering of the 

CKB results suggested some composition effects after regrowth caused by chlorhexidine, 

Savacol and Listerine and perhaps Plax. 

Overall, OralB appeared to have little if any effect on the species composition, physiology 

(data not shown), or physical appearance of the plaque, and studies with this formulation 

were discontinued. 

Although treatment with Plax did not significantly alter the species composition of the 

plaque, study into this product continued due to the inhibitory effect it had on plaque 

growth.  It would appear that in the case of this treatment agent, simple perturbation of the 

plaque growth (Hypothesis I) occurred, with plaque growth suppressed during treatment.  

Once treatment ceased, the plaque re-grew into a complex population with a species 

composition similar to that of the controls.  It is likely that this explanation (simple 

perturbation or homeostasis) is the most likely explanation as few species composition 

changes were seen in the pre-formed plaques treated in this experiment.  Investigating the 

effects of starting the initial anti-microbial treatment shortly after inoculation was 

investigated in the following experiment as this initial experiment showed that by day 3 

the plaques have an established species composition that is resistance to change. 

Further investigation was warranted into the formulations containing chlorhexidine, 

triclosan and the essential oil-based product Listerine.  Perceived deficiencies in the 

sampling regimes were identified as spot samples had been collected from the plaques in a 
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fairly random manner.  This was rectified for later experiments by sampling each plaque, 

either by collecting spot samples or “razor wedges” from a similar point from each plaque 

at each time point.  As described in the following chapter, subsequent study focussed on 

Listerine, Plax, and Savacol with chlorhexidine as a control.   
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Figure 5.1 Overall experimental treatment application timing for this experiment (MAM34C).  Plaques 
were treated from either sortly after inoculation (d0 plaques, orange bar) or from day 3 (d3 plaques, red 
bar).  Periods where plaques were grown without treatment are indicated with green bars.  Treatment 
of all plaques continued until day 11.  Plaque samples were taken for analysis (see text) then plaques 
were returned to the MAM chambers and grown without treatment until d18.   

Chapter 5 – Antimicrobial Experiment II – the Effects of 

Mouthrinses and CHX applied to plaques within 12 hours and 

after 3 days of Growth 

 

5.1 Introduction and Specific Experimental Aim 

A second artificial mouth experiment (MAM34C) was undertaken with an essential oil 

based formulation (Listerine™), chlorhexidine (Savacol and 0.2% chlorhexidine di-

acetate) and triclosan (Plax) used as treatment agents.   

The previous experiment investigated the effects of applying a number of commercial 

mouthwash formulations to preformed (d3) plaques, which although inhibiting the growth 

of the biofilms, appeared to have little effect on the species composition of the plaques.   

The primary aim of this experiment (MAM34C) was to investigate the effects of applying 

the agents before the biofilms were well established with the treatment agents applied to 

the biofilms within 12 hours after inoculation (d0 plaques) compared with treatment 

applied after 3 days of growth (d3 plaques).  The consequences for regrowth during a 

recovery period after discontinuing the treatments at day 11 of the experiment were also 

examined.   

The microcosm plaques were photographed regularly to provide a visual record of the 

changes in plaque appearances during growth, treatment and recovery. 

 

5.2 Specific Methods 

The 8-place MAM and two metabolic chambers to give 10 plaque growth stations, along 

with the DMM, sucrose, and treatment agents were prepared as described in the previous 

chapter and in Appendix 1. 
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Coverslips were inoculated and the resulting biofilms treated from either within 12 hours 

after inoculation (d0) or once the plaque had grown for three days (d3 plaques, see Table 

5.1) using the treatment application timing illustrated in Fig. 5.1.   

Sucrose and treatment applications were applied to the microcosm plaques as previously 

(see Fig. 4.2).  The Listerine-treated plaques were incubated in the metabolic chambers so 

as to be isolated from the remaining plaques in order to prevent gas exchange of the 

volatile compounds from Listerine (see Chapter 4).   

Plaques were weighed daily to measure changes in wet-weight.  Photographs of all plaques 

were taken on days 3, 4 and 7 immediately after the plaques were weighed.  The images 

from day 3 were captured before the initial treatment application was applied to the d3 

plaques.     

 

 

The last treatment application concluded on d11, five hours before sampling with the 

plaques weighed, photographed and samples taken for CKB analysis. 

The plaques were then returned to the MAM and metabolic chambers, and incubated under 

standard growth conditions until d18.  Plaque wet weights were recorded daily with all 

plaques photographed on d14 after the plaques had been weighed.  At the end of culture on 

d18, the plaques were weighed, photographed, and samples were taken for CKB analysis 

and protein quantification.  Residual plaque remaining after the sampling regime was 

stored at -86°C for potential use in future analyses.   

 

 

Table 5.1:  Station conditions for Experiment 2 (MAM34C)    

Plaque Media/Station conditions 

1 H2O control from Day 3 

2 H2O control from Day 3 

3 0.2% CHX from Day 0 

4 0.2% CHX from Day 3 

5 Plax from Day 0 

6 Plax from Day 3 

7 Savacol from Day 3 

8 Savacol from Day 0 

9 Listerine (original) from Day 0 

10 Listerine (original) from Day 3 
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5.3 Results  

5.3.1 Wet Weights and Plaque Growth Rates 

The daily plaque wet weights are presented in Fig. 5.2.  The data and subsequent growth 

curves for the control plaques have been averaged.  These plaques were similar in size 

throughout the experiment (see Fig. 5.5A). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The weight changes of the d3 plaques followed the trends seen in the previous experiment 

(Figs. 5.2 and 5.3).  The wet weight of the Plax-treated d3 plaque declined steadily 

throughout the treatment period, with the plaque loosing approximately half of its biomass 

between days three and eleven.  The wet weight of the Savacol-treated d3 plaque 

decreased in the 24 hours after treatment commenced before stabilizing approximately 2 

days into the treatment regime.  The plaque maintained a steady wet weight from d5 

through to d11.  The wet weight of the CHX-treated plaque remained constant throughout 

the treatment period, with no increase apparent after treatment commenced.  The Listerine-

Figure 5.2 Plaque growth data as measured by changes in wet weight.  Plaques were removed from 
the MAM and weighed daily (see text).  Arrows indicate the initiation (d0, d3) and cessation (d11) of 
treatment. 
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treated plaque behaved very differently from the previous experiment.  Although its 

increase in weight was less than that of the control plaques, the wet weight of this plaque 

slowly increased after day 7 of treatment.  In the previous experiment, the Listerine-treated 

plaque lost a significant proportion of its pre-treatment biomass during the treatment 

period. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Similar patterns in wet-weight changes were seen for the d0 plaques treated with Plax, 

Savacol, and Listerine.  All three plaques grew very slowly throughout the treatment 

period and all weighed between 40 and 85 g at d11 (Figs. 5.2b and 5.3).  Once treatment 

ceased the plaque weights increased substantially, and by the end of the seven day 

regrowth period these d0 plaques were similar in wet weight to the controls. 

A comparison of the d0 plaques after treatment ceased was made against the control 

plaques from day 0, the beginning of the experiment (Fig. 5.4).  Data points for the treated 

plaques were deleted until an initial change of >50 mg was seen.  The first day in this 

A B 

Figure 5.3 Plaque growth data as measured by changes in wet weight for plaques treated with CHX 
and Savacol (A) and Plax and Listerine (B).  Arrows indicate the initiation (d0, d3) and cessation (d11) 
of treatment. 
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period was then plotted against the averaged day 0 values for the control plaques with the 

d0 plaque weight “tared” against the wet weight of that plaque at this point.  This “d0” 

point was d11 for all d0 plaques except the d0 CHX-treated plaque, which was d13.  This 

analysis confirmed that the growth rates of the d0 plaques during recovery were similar if 

not greater than those of the controls during the early stages of growth.  This would 

indicate that although biofilm growth is suppressed by the application of these 

mouthwashes, the treated microcosm plaques still contain sufficient viable cells to grow at 

a similar rate to an untreated, freshly inoculated biofilm. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

5.3.2 Visual Appearance 

A photographic time series of plaque development in this experiment is presented in 

Fig. 5.5.  The biofilms in the Plax, Savacol and Listerine-treated d0 plaques formed a ring 

of growth around the edge of the coverslip.  The biofilms of these microcosm plaques 

continued to grow slowly toward the centre of the coverslip and became deeper during the 

treatment phase of this experiment.  A small region of biofilm growth was seen in one 

section at the edge of the coverslip of the d0 CHX-treated plaque.  This region grew very 

Figure 5.4 Wet weights of the d0 plaques plotted against the control plaques. The data for the d0 
plaques was deleted until an increase was seen from one day to the next.  The first day in this period 
was used as time zero and the plaque weight was tared to this value, e.g. d14 for the CHX d0 plaque.  
The resulting growth curves for the d0 treated plaques closely match the control plaques’ growth 
curves from inoculation (see text). 
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slowly and contained minimal biomass (<10 mg) at the end of the treatment phase of the 

experiment.  This plaque did not grow well even after treatment ceased, and at d18 had the 

appearance of an untreated three day old control plaque.  The remaining d0 plaques grew 

extremely vigorously during the regrowth phase of the experiment, forming deep biofilms 

across the whole coverslip substrate by d18.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The d3 plaques treated with CHX and Savacol appeared to dry down onto the coverslip 

substrate and the biofilms lost liquid from the plaque matrix.  This was consistent with the 

results seen in Chapter 4.  The CHX-treated plaque became muddy brown.  This change 

can be seen in Fig. 5.5b, and was also observed in the d3 Savacol-treated plaque, although 

with the green colour from the Savacol predominating, the brown coloration is less clear.  

Figure 5.5a Time course photographs of MAM34C plaques.  This figure contains images of the control 
plaques, the plaques treated with CHX from d0 and d3, and the plaques treated with Savacol from d0 
and d3. 
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The d3 CHX-treated plaque recovered slowly after treatment ceased, with minimal re-

growth seen by d14.  When recovery and an increased growth rate did commence, 

significant growth appeared to be initially restricted to the area of the biofilm where the 

wedge of plaque had been removed during sampling on d11.  Overgrowth of the remaining 

treated area was seen by d18. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Parts of the d3 Listerine-treated plaque were tinged a rich red-brown colour, and this 

plaque appeared to have a slightly less dense biofilm than the controls retaining slightly 

more liquid in the biofilm.  Although some of the colour dissipated during the regrowth 

phase, a significant amount of colour remained at the conclusion of the experiment at d18. 

As in the previous experiment in the d3 plaque treated with Plax, an area of biofilm 

clearance developed after treatment commenced.  This cleared area enlarged during the 

Figure 5.5b Time course photographs of MAM34C plaques.  This figure contains images of the control 
plaques, the plaques treated with Plax from d0 and d3, and the plaques treated with Listerine from d0 
and d3. 
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treatment phase of the experiment, and the plaque took on a less dense appearance.  The 

plaque recovered very slowly until after d14, and still had not fully recovered by d18 (Fig. 

5.5a). 

 

5.3.3 Plaque Proteins 

Protein concentration in the plaques was determined at d18 using the modified Lowry 

method (Chapter 2).  The control plaques averaged 24 µg of protein per mg of plaque wet 

weight (Fig. 5.6).  The treated plaques all contained lower protein concentrations than the 

controls (11 to 20 µg/mg).  Generally, plaques that recovered more quickly and attained a 

higher final wet weight also contained higher concentrations of protein.  The two CHX-

treated plaques and the Plax d3 plaque had the lowest final wet weights (650 to 750 mg).  

These plaques also had the least amount of protein, with all of them containing between 11 

and 12 µg protein per mg of plaque wet weight.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.6 Plaque protein concentrations at d18.   
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5.3.4 Community Ordination Analyses of Checkerboard Data 

5.3.4.1 Principal Component Analyses 

Two main plaque groupings were seen at the conclusion of treatment (d11, Fig. 5.7a).  The 

first and largest contained the control plaques and included both Savacol-treated plaques 

and the CHX and Listerine plaques treated from d0.  The d3 Listerine-treated plaque 

plotted close to this group.  The second group included the CHX d3 and d0 Plax-treated 

plaques while the d3 Plax-treated plaque plotted apart from the other plaques.   

 

 

 

 

 

 

 

 

 

 

At the conclusion of the experiment (d18, Fig. 5.7b) both Listerine plaques and the d0 

Plax-treated plaques clustered with the control.  The Savacol-treated plaque clustered 

together and the d3 CHX and d3 Plax-treated plaques also appeared to group together, 

although less strongly than the Savacol pair.  The d0 CHX-treated plaque plotted at a 

substantial distance from the other plaques. 

In this experiment the Listerine-treated plaques appeared similar in overall composition to 

the control throughout the experiment.  In the previous experiment, the composition 

appeared to be divergent from the controls during both the treatment and recovery phases 

of the experiment (Fig. 4.8).  Whether the differences in the plaque responses between the 

experiments is a result of stochastic variation is unclear, although further evidence 

(Chapter 6) suggests that a “donor effect” may have an effect on the response of the plaque 

species composition to treatment.  The d3 Savacol-treated plaque responded in a similar 

Figure 5.7 Principal Components Analysis plots of checkerboard results at days 11 (A) and 18 (B).  Two 
main apparent groupings were seen at the conclusion of treatment.  The plaques had split into three 
groupings by the end of the experiment. 

A B 
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manner in both experiments, clustering closely with the controls at the end of treatment 

then diverging from the controls during recovery. 

 

 

5.3.4.2 Hierarchical Clustering 

Hierarchical clustering of these plaques at both time points (Figs. 5.8a and b) is consistent 

with the PCA observations.  The plaques clustered very similarly in both analyses.  The 

divergence in the plaque species composition seen in the PCA and hierarchical clustering 

results was the same as the previous experiment. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

5.3.5 Changes in Individual Species 

The species composition of the Savacol-treated plaques was very similar for both 

treatment timings at d11 (Table 5.2) which would explain the strength of the clustering 

exhibited in both PCA and Hierarchical clustering which were also similar to the controls.  

Figure 5.8 Hierarchical Cluster Linkage Map of MAM34C plaques at d11 (A) and d18 (B).  The clustering 
patterns seen here are similar to those seen by PCA.   
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The only significant differences noted were an increase in L. buccalis in both plaques and 

increases of P. nigrescens/intermedia and P. gingivalis in the d0 plaque compared to the 

controls.  The other treatment pairs were considerably more variable with the species 

composition of the Listerine-treated plaques significantly different for S. mitis I and 

S. oralis (decreased in the d0 plaque), L. buccalis (increased in the d0 plaque) and 

L. fermentum (increased in the d3 plaque).  Several other species were either increased or 

decreased 2-fold or more compared to the control plaques in one plaque but not the other 

(S. mutans, S. parasanguinis, L. rhamnosus and B. dentium for example), and numbers of 3 

species (L. plantarum, H. parainfluenzae and A. actinomycetemcomitans) increased at least 

2-fold in one plaque of the pair and decreased by a similar amount in the other.  

Significant changes seen in the Plax-treated plaques consisted of an increase in 

L. fermentum and a decrease in V. parvula in the d0 plaque while the d3 plaque showed 

increases in A. gerencseriae, P. asaccharolyticus, G. morbillorum and L. buccalis with a 

decrease in V. parvula.   

The CHX d3 plaque exhibited significant increases in S. sobrinus, B. dentium, 

A. gerencseriae and A. viscosus/naeslundii with a decrease in the levels of V. parvula. 

At d 18 (Table 5.3) the species compositions of the Savacol-treated plaques remained very 

similar.  Significant increases were seen in the levels of L. acidophilus, L. casei, 

S. sanguinis and A. israelii, along with decreases in the levels of S. mitis II in both plaques 

and F. nucleatum nucleatum in the d0 plaque.  In this treatment pair, changes, both 

increases and decreases, were consistent in direction across all species, a phenomenon not 

seen in any other treatment pair.  This would tend to indicate that the treatment agent used 

has a substantial effect on any species changes.  
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Table 5.2 Checkerboard analysis of each plaque at d11 showing the percentage of each species in the 
plaque.  Bold, italicized text indicates where a species is significantly different from the control (p≥0.05, 
see text).  Orange highlights indicate a two-fold or more reduction in that species, while green 
highlights indicate a two-fold or more increase in that species compared to the controls.  The data from 
the CHXd0 plaque was not included as the total probe count was less than 3 × 10

5
 cells (see Chapter 2). 
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5.3.6 Analysis of Variance – “Functional” Species Groups 

Species were grouped as in the previous experiment (Fig. 5.9).  The functional group 

compositions of the d3 plaques showed greater variation from the controls in this 

experiment than in the previous experiment, and the grouped species compositions in the 

Table 5.3 Checkerboard analysis of each plaque at d18 showing the percentage of each species in the 
plaque.  Bold, italicized text indicates where a species is significantly different from the control (p≥0.05, 
see text).  Orange highlights indicate a two-fold or more reduction in that species, while green 
highlights indicate a two-fold or more increase in that species compared to the controls. 
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Table 5.4 Proportion of suspected cariogenic and periodontitis associated species present for each 
plaque type at d11 and d18.    

Plaque Day 11 Day 18 

 
Cariogenic 
species (%) 

Periodontitis 
species (%) 

Cariogenic 
species (%) 

Periodontitis 
species (%) 

Control 27.6 8.3 20.9 6.2 

CHX d0   29.8 14.7 

CHX d3 38.3 13.6 29.7 17.6 

Savacol d0 26.9 14.2 26.3 14.8 

Savacol d3 24.9 9.9 25.1 16.0 

Plax d0 40.0 12.4 31.5 8.0 

Plax d3 32.1 11.2 18.7 17.6 

Listerine d0 16.3 5.6 10.3 12.6 

Listerine d3 31.5 9.9 7.49 12.4 

 

d0 plaques differed markedly from the controls, most notably the Listerine d0 plaque 

although this had clustered with the controls by PCA.  The Savacol d3 plaque was the least 

different compared to the control, with no group significantly different to the control 

plaque.  The Savacol d0 plaque showing significant increases in the Anaerobes II and 

Periodontitis species groups.  The CHX d3 and Plax d3 plaques showed significant 

reductions in the Anaerobes I group, with the Plax d3 plaque showing a significant 

increase in the Anaerobes II group and a significant reduction on the non-cariogenic 

streptococci.  The Plax d0 plaque showed a similar but smaller decrease in the Anaerobes I 

group.  The Listerine d3 plaque showed a significant increase in the Lactobacillus / 

Bifidobacterium group, while the Listerine d0 plaque showed a significant decrease in the 

cariogenic streptococci and an increase in the Anaerobes II group.   

Table 5.4 shows the total percentages of the putative caries pathogens present in each 

plaque type.  The plaque treated with Listerine from d0 showed a large reduction in these 

species groups compared to the controls at both time points, while the Listerine d3 plaque 

contained similar levels of caries pathogens at the end of the treatment phase of the 

experiment but showed a considerable reduction in these groups at the end of the re-

growth period.  The plaques treated with CHX, Savacol and Plax from d3 contained either 

similar or increased levels of these species groups.  This would indicate that applying 

treatment agents containing CHX or Triclosan as the active ingredients may promote an 

increase in the cariogenic potential of the plaque after regrowth.  Conversely, applying 

Listerine, containing essential oils as the active ingredients may promote a more health 

compatible plaque species composition. 
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Figure 5.9 Grouped species composition of control and treated plaques at d11 and d18.  Species were 
grouped as detailed in the text and subjected to ANOVA with Bonferroni corrections.  Red asterisks (*) 
indicate a significant difference (p≤0.05) in the indicated species group between the treated plaques and 
controls at that time point (d11 or d18).  Green asterisks (*) highlight a significant difference in that species 
group between the d0 and d3 plaques of that treatment, and blue asterisks (*) indicate a significant 
difference in the species group between the two time points (d11 and d18) for that plaque type. 
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5.4 Summary 

5.4.1 Comparisons between MAM34C d0 and d3 Treated Plaques 

5.4.1.1 Wet Weights and Growth  

Applying treatment agents from shortly after inoculation slowed but did not halt growth 

entirely except for the CHX-treated plaque.  The remaining d0 plaques maintained a slow 

but steady growth rate throughout the treatment phase of the experiment.  Conversely the 

d3 plaques, with the exception of the plaque treated with Listerine, either maintained a 

constant wet weight or experienced a drop in biomass over this period.  It is hypothesised 

that the difference in the responses to the treatment application is due to the differences in 

the initial amounts of biomass of the different plaque types.  The d0 plaques contained 

little biomass at the commencement of treatment, so the treatment agents were likely to 

have been washed rapidly from the limited amount of plaque matrix by the flow of the 

DMM media.  The d3 plaques contained considerably more biomass, which most likely 

retained the agent either through the agent chemically binding into the EPS layers or 

simply physically trapped and unable to diffuse from the plaque due to the physical nature 

of the plaque matrix.  This would have significantly reduced the rate at which the active 

ingredients were washed from the plaque.  As the active ingredients were washed from the 

d0 plaques more rapidly and the concentration of the treatment agents are at sub-inhibitory 

levels for longer, there is possibly more opportunity for these than for the d3 plaques to 

grow slowly during treatment. 

The delayed recovery of the d3 plaques after treatment ceased supports this argument.  It is 

also hypothesised that active ingredients, particularly CHX and triclosan may be bound 

into or otherwise retained by the extracellular biofilm matrix.  This either physical or 

chemical cloistering of the active ingredients maintains them at inhibitory levels within the 

plaque, and it is not until sufficient media flow has washed through and reduced the 

concentrations to sub inhibitory levels that rapid plaque growth can occur.  As the d0 

plaques have minimal biomass at the conclusion of treatment to bind the active ingredients, 

plaque recovery is much more rapid.  To investigate and attempt to confirm this retention 

hypothesis, a method using the ultra-violet absorbance properties of CHX was developed 

and optimised (Chapter 2) to determine the concentration of CHX in the plaques during 

regrowth.  This method was utilised in the following experiment (MAM50, Chapter 6). 
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The growth rates of the d0 plaques after treatment ceased matched or exceeded that of the 

controls (Fig. 5.4).  They were still quite rapid at the end of the experiment, far more so 

than the controls at the same size, and showed little sign of slowing, even though, except 

for the one treated with CHX, the d0 treated plaques were the same size as the controls.  

This observation was further investigated in the subsequent experiment (MAM50, Chapter 

6).  It was planned to grow a pair of plaques and treat them with CHX from d3.  At the end 

of treatment sampling, the biofilm would be scraped from the coverslip substrate and 

allowed to re-grow.  Comparisons would be made, particularly in growth rates subsequent 

to treatment, between these plaques, the remaining CHX d3 plaques and the CHX d0 

plaques.   

 

5.4.1.2 Plaque Protein Concentration 

In this experiment, plaque protein concentrations at the end of the experiment seemed to 

correlate with plaque recovery and final growth rates, rather than with the treatment type 

as noted in the previous experiment.  From the visual differences between treated plaques, 

such as the CHX-treated d3 plaques appearing to dry onto the coverslip during treatment 

and the Listerine and Plax-treated plaques appearing to become less dense during 

treatment, it was expected that the CHX plaques would have had substantially more 

protein and dry mater than the control plaques and particularly the Listerine-treated plaque.  

To further investigate this, percentage dry weights as well as protein concentrations would 

be determined at the end of both the treatment and regrowth phases in the subsequent 

experiment. 

 

5.4.1.3 Plaque Species Composition 

The CKB results in this experiment substantially agreed with those of the previous 

experiment for the d3 treated plaques, with only a few significant changes noted in the 

grouped species compositions between the treated and control plaques. (Fig. 5.10).  With 

the exception of the Plax-treated plaques, the d0 plaques had more significant differences 

in the species compositions than the d3 plaque treated with the same agent.  It is arguable 

that any differences would be likely to be noted between the control plaques and those 

treated with an aggressive antimicrobial such as CHX.  After these treatments have killed 

the majority of the cells without removal of the biofilm, DNA-based techniques such as 
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CKB hybridisation are likely to miss any small but potentially significant changes in 

species composition among live populations as signals from these cells are overwhelmed 

by those from the remaining, dead biofilm.  This issue is discussed further in Chapter 6. 
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Chapter 6 – Antimicrobial Experiment III – Listerine versus 

Chlorhexidine 

 

6.1 Mouthwash Experiment III (MAM50) 

6.1.1 Introduction 

This experiment focussed on comparing and contrasting an essential oil-based product 

(Listerine) with the stringent antibacterial agent chlorhexidine.  Previous CKB results had 

indicated the emergence of putative caries pathogens during the re-growth of plaques 

treated with CHX and possibly a more commensal nature of plaques after treatment with 

Listerine.  To further investigate this, species changes were assayed longitudinally during 

the treatment phase for d3 plaques and during the regrowth phase for all plaques to 

investigate species changes during plaque development. 

Previous experiments had suggested that CHX may bind into the plaque matrix during 

treatment and remained within the biofilm at inhibitory levels for some time after 

treatment had ceased to cause a delayed recovery in the growth.   To confirm this, CHX 

concentrations in the CHX d3 plaques were monitored during regrowth using 

spectrophotometry to determine how much CHX remained in the plaque matrix.   

The total duration of this experiment was extended to d26 by extending the post d11 

recovery period to 15 days.  The objective for this extension was to seek further 

information about plaque growth rates and species composition following the cessation of 

treatment.   

It had been observed in previous experiments that the plaques treated with CHX, 

particularly from d3, appeared to retain less liquid within the plaque matrix than the 

controls, while plaques treated with Listerine appeared to retain more liquid.  These 

observations were further investigated by comparing the percentage dry weights of the 

control plaques with those of the plaques treated with Listerine and CHX from d3 at d11 

when treatment ceased and at the conclusion of the experiment (d26). 

The premise that the initial growth rates of the d0 plaques once treatments were ceased 

approximate freshly inoculated plaques was further investigated.  An extra pair of plaques 

was inoculated and then treated with CHX from d3.  The biofilm was scraped from the 

coverslip substrata of these plaques at d11 leaving a thin layer of firmly attached biofilm.  
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One biofilm was re-grown under standard conditions to investigate the growth rates and 

species composition analysed. 

 

6.1.2 Specific Aims 

The primary aim of this experiment (MAM50) was to continue the investigation into 

growth affects and plaque species changes during treatment and regrowth.  The specific 

aim was to confirm species composition changes seen in previous experiments, extend 

studies into the changes seen in d0 and d3 microcosm dental plaques during antimicrobial 

treatment and regrowth and add viability and metabolic (BIOLOG and API Zym) analyses.   

A secondary aim was to investigate CHX binding and washout from the d3 treated plaques 

once treatment has ceased.  A spectrophotometric method was developed to assay the 

amount of CHX in a plaque biofilm (Chapter 2).  Spot samples were taken from the CHX 

d3 plaques during regrowth at the same time as the plaques were sampled for CKB 

analysis. 

 

6.2 Specific Methods 

6.2.1 MAM Preparation, Treatment Regimes and Sampling during Treatment 

The MAM, mini-MAM and metabolic chambers, along with the DMM, sucrose and 

treatment agents were prepared as described in Chapter 2.  

 

 

 

 

 

Coverslips were inoculated with plaque enriched saliva using the same donor as the first 

experiment (MAM34A, Chapter 4) and grown with culture and treatment regimes as 

previously (Chapter 5) except for extending the re-growth to 15 days.  The microcosm 

plaques were treated from either approximately 12 hours after inoculation (d0) or after the 

plaque had pre-grown for three days (d3 plaques; see Table 6.1) using the overall 

Figure 6.1  Overall experimental protocol for MAM50.  Plaques were treated from either shortly after 
inoculation (d0 plaques, orange bar) or from day 3 (d3 plaques, red bar).  Treatment of all plaques 
continued until day 11.  Periods where plaques were grown without treatment are indicated with green 
bars. 
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experimental protocols illustrated in Fig. 6.1.  The Listerine-treated plaques were 

incubated in linked metabolic chambers (d3 plaques) or the mini-MAM (d0 plaques) to 

ensure gas phase isolation from the remaining plaques.  

 

 

 

 

 

 

 

 

 

Plaques were weighed daily to obtain weight change data.  The d3 and control plaques 

were photographed on d3 before the initial treatment and on days 6 and 9.  Due to the 

minimal amounts of biomass present, the d0 plaques were not photographed until d11 to 

minimise drying and related stresses on the biofilms. 

 

6.2.2 End of Treatment (d11) Sampling 

Treatment ceased on d11 and the plaques were weighed, photographed, and samples were 

taken for CKB analysis, cell viability estimation, dry weight percentages (d3 and control 

plaques) and protein quantification. 

CKB samples were assayed as described in Chapter 2. Subsequent re-evaluation (2010) of 

the CKB data processing and re-analysis of the data have shown that there was a problem 

in the CKB standard probe panel which undermined the absolute quantification of some of 

the species although the relative quantification of each species within the experiment is 

maintained.  Hence, treatment-specific changes in each species and the community 

ordination grouping analysis are still valid within the experiment.  To improve this 

situation and to simplify presentation, the data is presented as the mean of the duplicate 

Table 6.1:  Station conditions for Experiment 3 (MAM50)    

Plaque Media/Station conditions 

1 H2O control 

2 H2O control 

3 0.2% CHX from Day 0 

4 0.2% CHX from Day 0 

5 0.2% CHX from Day 3 

6 0.2% CHX from Day 3 

7 0.2% CHX from Day 3, scraped and regrown from d11 

8 0.2% CHX from Day 3, stopped at d11 

9 Listerine (original) from Day 3 

10 Listerine (original) from Day 3 

11 Listerine (original) from Day 0 

12 Listerine (original) from Day 0 
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plaques.  The CKB results in this experiment should be regarded as indicative of 

ecological changes and not definitive measurement of the plaque level a particular species. 

 Cell viability was assayed using the LIVE/DEAD BacLight viability staining kit 

(Molecular Probes) as described in Chapter 2.  To calculate the dry weight percentages of 

the plaques, 0.5 mL of 8 mg/mL suspension samples were collected in triplicate in pre-

weighed microcentrifuge tubes.  The samples were centrifuged (12,500 g, 5 min) to pellet 

the plaque solids and the supernatants were carefully aspirated using gentle suction.  The 

pellets were dried in a desiccation chamber and re-weighed.  The difference between the 

final dry weights and the initial wet weight was calculated and converted to a percentage 

of the wet weight for each plaque type.  Plaque protein concentrations were determined for 

the control and d3 treated plaques using the Lowry method as described in Chapter 2.  The 

protein concentrations and dry weights of the d0 treated plaques were not determined due 

to their small size. 

 

6.2.3 Post-treatment Plaque Recovery and Sampling during Recovery 

The coverslip substrate of plaque 7 was scraped with the flat end of a sterile spatula in 

preparation for its return to the MAM chamber.  It had also been intended to treat plaque 8 

in the same manner, but a shortage of media precluded this.  The growth of plaque 8 was 

discontinued from d11. 

All plaques (except plaque 8) were returned to the appropriate growth chambers and grown 

without further treatment until d26.  Sucrose was applied (1.5 mL over 6 minutes) eight 

hourly as before, and plaque wet weights were recorded daily to obtain weight change data.   

All plaques were photographed and the CHX d3 plaques wedge-sampled for CHX 

concentration analysis (Chapter 2) on days 13, 15, 17, 20, and 24 

 

6.2.4 End of Run (d26) Sampling 

On d26, the plaques were weighed and photographed, and samples were taken for CKB 

analysis, cell viability, dry weight percentages, Biolog™ and APIzym analysis and protein 

quantification.  Residual plaque remaining after the sampling regime was stored at -86°C. 
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6.3 Results and Interpretation 

6.3.1 Wet Weights and Plaque Growth  

The plaque wet weight growth curves in this experiment were consistent with those seen in 

previous experiments (Fig. 6.2).  Weights for each plaque pair were averaged and are 

presented in Fig. 6.3.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 The controls grew at consistent rates until their weights plateaued at approximately 1,800 

mg.  The d3 treated plaques grew initially at similar rates to the controls and each other 

before treatment commenced, reaching between 250 and 460 mg.  Growth was then 

arrested with most of the plaque wet weights dropping slightly for the first 24 to 48 hours 

of treatment then remaining static for the remainder of the treatment phase, as seen in 

previous experiments.  At the conclusion of treatment, the growth rates of the Listerine d3 

treated plaques increased immediately, while the CHX-treated plaques in this experiment 

recovered more slowly than in the previous experiments.  For example, it took plaque 4, 

Figure 6.2 MAM50 growth curves.  Linear scale presentations of individual plaque wet weights.  Arrows 
indicate the initiation and cessation of the treatment periods. 
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treated with CHX from d0, seven days from the conclusion of treatment before its growth 

rate increased.  The d0 Listerine plaques were also slower to recover, and then did not 

grow as rapidly as in the previous experiment.  Unlike the previous experiment, they also 

failed to match the large control plaques in size by the conclusion of the experiment.  The 

d3 CHX plaques were also a lot slower to recover than in previous experiments; plaque 5 

did not increase its size in a significant manner until after d17.  These plaques also did not 

grow as large as similar plaques from the previous experiment.   

The CHX d3 plaque that was scraped before regrowth (plaque 7, CHX d3r) grew rapidly 

after d13, outgrowing the other CHX-treated plaques (Figs. 6.2 and 6.3), suggesting that 

less CHX was bound in the d3 plaque inner layers than in the d0 plaques. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The d3 Listerine-treated plaques behaved differently to each other (Fig. 6.2).  One, plaque 

9, followed a similar curve to the Listerine-treated plaque in the first experiment, 

MAM34A, loosing weight initially, and remaining at a fairly constant weight throughout 

the treatment phase of the experiment.  However, the other, plaque 10 grew constantly 

Figure 6.3 MAM50 averaged wet-weight growth curves.  Linear (A) and log scale (B) presentations of plaque 
growth as averaged wet-weight data for each plaque pair.  The graph line marked CHX d3r indicates the 
growth of the plaque treated with Chlorhexidine from d3, scraped at d11, and allowed to regrow (see text). 

A B 
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during the treatment phase, its weight tracked along side those of the control plaques until 

approximately d9.  After d10 the weight increase for this plaque tapered off, and its weight 

did not increase appreciably during the remainder of the experiment, even after treatment 

ceased.  From Fig. 6.5a, it can be seen that the fluid-head dripped onto plaque 10 slightly 

off centre. One explanation for this anomalous result might be that the Listerine affected 

one side of the plaque more than the other (see Fig. 6.5a, day 6), and the less-treated side 

continued to grow, evidenced by the large bubbles in this plaque.   After approximately 6 

days of treatment, the plaque matrix appeared to collapse, allowing the Listerine to 

permeate the biofilm as it is from this point that the growth of this plaque was almost 

totally inhibited (Fig. 6.2).  It is not clear why this plaque failed to recover like the other 

Listerine d3 plaque did. 

 

 

 

 

 

 

 

 

 

 

 

 

 

During the later parts of the experiment, the control plaques overgrew the coverslip 

substratum and lost biomass as sections of the plaques sloughed off the coverslip, a normal 

occurrence for MAM experiments lasting around 21 days or more (Sissons, unpublished). 

Data from the previous experiment (MAM34C) suggested that once the treatment ceased 

the d0 treatment plaques grew at a similar rate to freshly inoculated plaques.  The control 

Figure 6.4 MAM50 d0 plaque regrowth vs control plaques, Log scale.  Wet weight growth curves of the 
d0 plaques from the time their growth rates increased after treatment ceased compared to the growth 
curves of the control plaques from d0.  The resulting growth curves for the d0 treated plaques closely 
match the control plaques’ initial growth curves (see text). 
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plaque data was plotted from the commencement of the experiment (Fig. 6.4).  For the 

treated plaques, data points were plotted once there was a substantial (>10 mg) change 

from one day to the next.  The first day in this period was then plotted as time zero.  This 

time point was d11 for the plaques treated with Listerine, and d13 for one of the plaques 

treated with CHX (plaque 5) and the d3 CHX plaque that was scraped and re-grown (CHX 

d3r, plaque 7). As can be seen in Fig. 6.4, the growth curves of all these plaques were quite 

similar.  The growth rates of the d0 plaques during recovery were similar to the controls 

from inoculation and the CHX d3r plaque had the growth rate most similar to the controls. 

With the exception of the anomalous d3 Listerine plaque (plaque 10) the overall growth 

rate response of the plaques to the treatment agents was consistent with the previous 

results.   

 

6.3.2 Visual Appearance 

Biofilm appearance and plaque growth is presented in Fig 6.5).  Dispersion, deterioration 

or a reduction in biofilm thickness was seen as the wet weight decreased.  It is possible to 

see the delay in the recovery of one of the CHX d0 plaques (plaque 4) from the 

photographs in Fig. 6.5b.  Plaque 3 recovered more quickly, and had established a 

consistent covering over the coverslip by d15, whereas plaque 4 did not reach the same 

coverage until about d20. 

The CHX d3 plaques again appeared to dry down onto the coverslip, loosing liquid and 

volume from the biofilm.  They also had the typical very pale brown coloration associated 

with the MAM microcosm plaques treated with chlorhexidine.  Both d3 plaques were 

slower to recover than similarly treated plaques in previous experiments, with plaque 6 not 

showing any signs of recovery until d17 (not shown) and plaque 5 taking longer, showing 

few signs of fresh growth until d20 (Fig. 6.5b). 

The d3 CHX scraped and re-grown plaque, plaque 7, recovered very quickly compared to 

the other  treated plaques, behaving more like a d0 plaque than a d3 treated plaque in 

growth rate and appearance.  By d15 a thick biofilm covered the coverslip (Fig. 6.5b) and 

this plaque grew rapidly throughout the remainder of the experiment.  At the conclusion of 

the experiment, it was visually similar in appearance to the control plaques although more 

yellow in colour. 
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As described above, the d3 plaques treated with Listerine responded differently to 

treatment, seen in Fig. 6.5a.  The growth of plaque 9 was inhibited, with a patch of biofilm 

clearance visible in the plaque from d6.  Plaque 10 continued to grow for 6 days after 

treatment commenced and looked similar to the control plaques at d6, albeit with a slightly 

richer brown colour.  During re-growth, both plaques recovered as the brown colour 

attributed to the Listerine treatment gradually disappeared to give very pale plaques. 

The d26 photograph of plaque 10 shows a large channel in the plaque at the 9 o’clock 

position.  This was most likely formed by a large portion of the plaque sloughing off the 

coverslip with the wet-weight curve for this plaque (Fig. 6.2) showing this weight loss 

(approximately 200 mg) occurred between d20 and d21.  If the experiment had continued, 

Figure 6.5a Time course photographs of MAM50 plaques.  This figure contains images of the control plaques 
and the plaques treated with Listerine.  The Listerine d0 plaques were first photographed at d11. 
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it seems likely that this channel would have closed up again over the following days as the 

biofilm re-grew to fill in this gap.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The Listerine plaques treated from d0 looked similar to those in the previous experiment 

during treatment (MAM34C), although the centres of the coverslips filled in with a thicker 

biofilm during the treatment phase of this experiment.  The plaques took on a rich brown 

colour, most likely due to the Listerine treatment (Fig. 6.5a) instead of the white of the 

previous experiment (Fig. 5.5b).  During the recovery period, both of the Listerine d0 

plaques lost the brown colour to resemble the very pale appearance of the Listerine d3 

plaques. 

 

Figure 6.5b Time course photographs of MAM50 plaques.  This figure contains images of the CHX-treated 
plaques.  The CHX d0 plaques were first photographed at d11.  The CHX d3r plaque (Plq 7) was scraped clean 
at d11 and then allowed to re-grow.  Plaque 8 growth was discontinued at d11 (see text). 
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6.3.3 Plaque Chlorhexidine Concentration during Regrowth 

Samples from the CHX d3 plaques (plaques 5 and 6) every second day during the regrowth 

period were assayed for CHX concentration (Chapter 2).  The CHX concentrations in the 

plaques initially dropped quite rapidly once treatment stopped (Fig. 6.6, Table 6.2).  The 

growth rate of plaque 6 started increasing when the CHX concentration dropped below 

0.02% (d13).  The growth of plaque 5 was still inhibited 4 days later (d17) and did not 

increase until the CHX concentration had dropped below 0.005%.  CHX was eventually 

undetectable in plaque 5 by day 21 and plaque 6 by day 23, ten and twelve days 

respectively after the cessation of treatment.  These results indicate that although the 

residual CHX in the biofilm is likely to be the major inhibitor of plaque growth after 

treatment has ceased, other factors, such as the number and types of microbes surviving in 

the in the biofilm and any localisation of these or the remaining CHX may play a part in 

determining the potential of the plaque to recover. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 6.2:  Concentration of chlorhexidine in CHX d3 plaques during recovery.    

Day Plaque 5 Plaque 6 

d11 0.022% 0.022% 

d13 0.010% 0.017% 

d15 0.005% 0.007% 

d17 0.003% 0.004% 

d19 0.001% 0.002 

d21 0 0.001% 

 
 

Figure 6.6 Graph of the wet weights and chlorhexidine concentration of the CHX d3 plaques during 
regrowth.   
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6.3.4 Plaque Protein  

At d11, the d3 CHX-treated plaques had 41% more protein per milligram than the controls.  

The d3 Listerine-treated plaques contained 19% less protein than the controls (Fig 6.7). 

Between d11 and d26, the control plaques increased their protein concentration by 10%, 

the CHX d3 plaque by 9% and the d3 Listerine-treated plaques by 33%.  By d26 the 

Listerine d0 and d3 plaques and the CHX d0 plaques all had very similar protein levels to 

those of the controls while the CHX d3 plaques retained a protein concentration about 40% 

higher than the controls. 

 

 

 

 

 

 

 

 

 

 

 

6.3.5 Plaque Dry Weight Percentages 

The trends seen in the percentage dry weight results for the d3 plaques (Fig. 6.8) were very 

similar to those of the protein results presented above.  At d11 the d3 plaques treated with 

CHX had a higher percentage dry weight (17.3%) than the controls (13.1%, Fig. 6.8), a 

difference maintained until d26.  The d3 Listerine-treated plaques had a lower percentage 

dry weight (9.6%) than the controls at d11.  These rose to 12.4% at d26, comparable to the 

controls at 13.0%.  This data confirms the visual observations of these plaques.  CHX 

tends to partially dehydrate the biofilm while the Listerine-treated plaques retain more 

liquid within the plaque matrix during treatment. 

 

Figure 6.7 MAM50 Plaque protein concentration at d11 and d26.  The d0 plaques were not assayed at d11 
as there was insufficient plaque material available. 
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6.3.6 Community Ordination Analyses of Checkerboard Data 

6.3.6.1 Principal Component Analyses 

Principal Component Analysis plots of the CKB data at days 11 and 26 (Figs. 6.9A and B) 

show the data clustering a lot more strongly by treatment type than in MAM34C.  At d11, 

the end of the treatment phase of the experiment, the CHX-treated plaques grouped with 

the controls while the Listerine-treated plaques formed a second group.  At the end of the 

experiment (d26) all the plaque clustered into treatment groups with a separated control. 

The similarity of the d3 CHX-treated plaques to the controls is most likely due to the 

strong inhibition of growth during treatment.  During the recovery phase of the experiment, 

the species composition of the plaques appeared to diverge along treatment lines, with the 

treatment agent apparently more influential with respect to any species changes than the 

time of the initial application of the treatment agent. 

 

6.3.6.2 Hierarchical Clustering 

The hierarchical clustering results (Fig. 6.10) were very similar to the PCA results above.  

At d11 the control plaques clustered strongly with both sets of CHX-treated plaques (d0 

and d3), while the Listerine-treated plaques clustered independently of this control group.  

At d26 the CHX-treated plaques clustered together with less than 52% similarity to the 

Listerine/control group.  Although the Listerine-treated plaques appeared quite different to 

Figure 6.8 Percentage dry weight of control and d3 treated plaques at the end of treatment and the end 
of the experiment.   
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the controls at the end of the treatment phase of the experiment, they appeared a lot more 

similar at the end of the recovery phase.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

6.3.7 Changes in Individual Species 

Tables 6.3 and 6.4 present the individual species compositions of each plaque type and 

indicate the significant differences (p≤0.05) between the control and treated plaques 

determined by ANOVA with Bonferroni correction.  In some cases, apparently larger 

differences between the treated plaques and the controls are not indicated as significant 

likely due to the variances within the CKB samples for that species.   

Figure 6.10 Hierarchical Cluster Linkage Map of MAM50 plaques at d11 (A) and d26 (B).   

Figure 6.9 Principal Component Analysis plots of checkerboard results at days 11 (A) and 26 (B).   
 

 

 

 

 
4
 cells for a large proportion of species probed.  Plaques tended to cluster by treatment type at both time points. 
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At day 11, there were more significant differences to the controls in the d0 plaques than in 

the d3 plaques. Significant changes in the d0 Listerine-treated plaques were increases in 

levels of L. fermentum, L. rhamnosus, B. dentium, and A. israelii, while S. mutans, 

S. oralis, A. actinomycetemcomitans and S. sanguinis levels decreased.  Changes in the 

species composition in the day 3 Listerine plaques were confined to a subset of these 

species, namely an increase in the levels of A. israelii and decreases in the levels of 

S. mutans, A. actinomycetemcomitans and S. sanguinis.  The plaques treated with CHX 

showed a similar trend, with the significant differences in the day 3 plaques (decreases in 

A. actinomycetemcomitans and S. sanguinis) a subset of those in the plaques treated from 

day 0 (decreases in the same species along with increases in S. parasanguinis and 

S. vestibularis). 

 

6.3.8 Analysis of Variance – “Functional” Species Groups 

The same species groupings from the previous MAM experiments were used to determine 

differences in functional groups.  At d11, there were no significant differences between the 

controls and the d3 treated plaques for any of the species groups (Fig. 6.11), and no 

significant differences between the controls and the plaques treated with CHX from d0.   

There were five species groups that were significantly different between the controls and 

the plaques treated with Listerine from d0.  The Lactobacillus/Bifidobacterium group 

increased (6.8% to 19.3%) with decreases in the cariogenic streptococci (15% to 6%), C. 

albicans (1.8% to 0.4%), non-cariogenic streptococci (9.9% to 3.8%) and Anaerobes II 

(19.9% to 9%) compared to the control plaques.  Overall however, the proportion of the 

plaque consisting of cariogenic species only increased from 23.6% in the controls to 25.8% 

in the Listerine d0 plaques, which was not a significant increase.  Table 6.5 lists the 

proportions of cariogenic and periodontitis species in the controls and treated plaques for 

both time points.  Of note are the very similar levels of periodontitis species in al plaque 

types.  Although not analysed for significance, the levels of cariogenic species were raised 

in the CHX d0 and Listerine d3 plaques in particular and remained high in these plaques 

during regrowth.  A large drop in cariogenic species was noted in the Listerine d0 plaques 

(25.8% to 18.2%) during regrowth. 
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The overall proportion of cariogenic species increased in the CHX d0 plaques (23.6% to 

30.8%), however this was not a significant increase by ANOVA with Bonferroni 

correction.   

Table 6.3 Checkerboard analysis of each plaque at d11 showing the percentage of each species in 
the plaque.  Bold, italicized text indicates where a species is significantly different from the control 
(p≥0.05, see text).  Orange highlights indicate a two-fold or more reduction in that species, while 
green highlights indicate a two-fold or more increase in that species compared to the controls. 
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After recovery and regrowth (d26) there were still no significant differences between the 

controls and the CHX d0 plaques.  The CHX d3 plaques showed a significant increase 

(4.0% to 7.5%) in the Actinomyces group, the Listerine d0 plaque showed a significant 

decrease (9.5% to 2.5%) in the aerobes group, while the Listerine d3 plaques showed 

Table 6.4 Checkerboard analysis of each plaque at d26 showing the percentage of each species in the 
plaque.  Bold, italicized text indicates where a species is significantly different from the control (p≥0.05, 
see text).  Orange highlights indicate a two-fold or more reduction in that species, while green highlights 
indicate a two-fold or more increase in that species compared to the controls. 
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significant increases in both C. albicans (1.7% to 4.8%) and the Actinomyces group (4% to 

9.4%). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.11 Grouped species composition of control and treated plaques at d11 and d26.  Species were 
grouped as detailed in the text and subjected to ANOVA with Bonferroni corrections.  Red asterisks (*) 
indicate a significant difference (p≤0.05) in the indicated species group between the treated plaques and 
controls at that time point (d11 or d26).  Green asterisks (*) highlight a significant difference in that species 
group between the d0 and d3 plaques of that treatment, and blue asterisks (*) indicate a significant 
difference in the species group between the two time points (d11 and d26) for that plaque type. 

 

Table 6.5:  Proportion of suspected cariogenic and periodontitis-associated species present for each 
plaque type at d11 and d26.    

Plaque Day 11 Day 26 

 
Cariogenic 

species 
Periodontitis 

species 
Cariogenic 

species 
Periodontitis 

species 

Control 23.6% 14.2% 24.5% 14.6% 

CHX d0 30.8% 12.9% 26.7% 13.7% 

CHX d3 20.8% 12.2% 23.9% 13.7% 

Listerine d0 25.8% 10.8% 18.2% 14.2% 

Listerine d3 27.0% 14.1% 27.5% 12.1% 
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6.3.9 Physiological Assays 

A suspension of each plaque was prepared at the end of the experiment for API ZYM and 

Biolog™ assays as described in Chapter 2. 

 

6.3.9.1 Biolog™ Results: 

Principal Component Analysis (Fig. 6.12) and hierarchical clustering (Fig. 6.13) by plaque 

treatment types agree quite strongly.  In both analyses, the d0 treated plaques appear most 

similar with the Listerine d3 plaques clustering with the Listerine and CHX d0 plaques.  

There is some difference between these treated plaques and the control plaques.  In both 

analyses the CHX d3 plaques separated from the other plaques. 

The clustering and PCA results of the Biolog assays were quite different to those of the 

CKB results for the same plaques (Figs. 6.9 and 6.12).  These differences appear to 

indicate that the results at the species level are only one part of the picture, and that the 

physiological profile of the species is also important in these complex biofilms. 

 

 

 

 

 

 

 

 

 

 

 

6.3.9.2 API ZYM Results: 

The API ZYM enzymatic profiles indicated that the Listerine-treated plaques closely 

matched those of the controls (Fig. 6.14).  Minor increases were possibly seen in the levels 

of α- and β-galactosidases (wells 13 and 14), and a minor decrease in N-acetyl-β-

Figure 6.12 PCA plot of the MAM50 Biolog Assays.  Most treated plaque grouped with the control 
plaques, particularly on the first principle component, while the CHX d3 plaques clustered separately.  
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glucosaminidase (well 18), particularly in the d0 plaques.  All the Listerine-treated plaques 

showed a moderate increase in β-glucosidase (well 17).  There were slight differences 

between the two d0 Listerine-treated plaques in α-galactosidase and α-fucosidase (lanes 13 

and 20), otherwise the results from the duplicate plaques were very similar. 

 

 

 

 

 

 

 

 

In contrast there were a greater number of changes in the CHX-treated plaques.  The CHX 

d0 plaques exhibited small decreases in the levels of β-galactosidase, β-glucuronidase, α-

glucosidase, N-acetyl-β-glucosaminidase and possibly α-fucosidase (wells 14, 15, 16, 18 

and 20).  The CHX d3 plaques showed a small decrease in alkaline phosphatase, esterase 

and α-fucosidase (wells 2, 3 and 20), and more significant decreases in naphthol-AS-BI-

phosphohydrolase, α- and β-galactosidases, β-glucuronidase, α- and β-glucosidases and N-

acetyl-β-glucosaminidase (wells 12-18) and a major decrease in α-fucosidase (well 20). 

The CHX d3 regrown plaque (plaque 7, CHX d3r) showed fewer differences from the 

controls than the CHX d3 plaques did.  Noticeable were a slight decrease in α-

galactosidase, β-glucuronidase and α-fucosidase (wells 13, 15 and 20) and a more 

significant decrease in N-acetyl-β-glucosaminidase (well 18). 

These results suggest that plaques may be slower to recover when treated with strong 

antimicrobial agents that kill off high numbers of microbes in a biofilm than when treated 

with a less stringent formulation.  Less stringent formulations may also retain a greater 

diversity of biochemical functions that would allow a greater range of metabolic substrates 

to be utilised.  These results may also suggest that to encourage rapid growth, removing a 

biofilm from a surface is also likely to remove inhibitory substance such as CHX bound 

into the biofilm matrix, in particular strongly binding agents likely to concentrate at the  

Figure 6.13 Hierarchical Clustering of the Biolog assays for MAM50 plaques by treatment type.   
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Figure 6.14 API ZYM results from the end of run sampling from MAM50.  The Listerine-treated plaques 
were most similar to the controls, with the CHX d0 plaques less similar and the CHX d3 plaques least similar.  
The regrown d3 plaque (plq 7) appeared to be an average of the CHX d3 and CHX d0 plaques with respect to 
enzyme activity. 
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biofilm surface.  Conversely, leaving a “dead” biofilm in situ, with significant amounts of 

antimicrobial still contained within the matrix may allow for continued suppression of the 

microbial growth until the antimicrobial is either diluted out of the matrix or inactivated. 

 

 

6.3.10 Cell Viability  

The results of the plaque suspensions stained with LIVE/DEAD BacLight viability stain 

(Methods) are presented graphically in Figs. 6.15 and 6.16.  At d11 the control plaques 

contained approximately 43% viable cells as assayed by this technique (Fig. 6.15).  A 

representative control plaque image is presented in Fig. 6.17.  The CHX d3 plaques (Fig. 

6.18) contained substantially fewer viable cells (approx. 11%) while the Listerine d3 

plaques (Fig. 6.19) contained an average of 23% viable cells, around half that of the 

controls.  This indicated that the CHX treatment appeared to be killing large numbers of 

cells within the biofilm.  Even after such a harsh treatment regime many cells still survive.  

The Listerine treatment did reduce the numbers of viable cells substantially, but did not 

appear to have the strong biocidal properties of CHX. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.15 Live:Dead staining of the Control and treated d3 plaques at d11.  Mean cell counts of viable 
and non-viable cells with the percentages of viable cells for each plaque type are indicated. 
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After the recovery period (day 26, Fig. 6.16) the control plaques showed a similar level of 

viable cells (42%) as at d11.  Viability in both types of d0 treated plaques was similar, 

43% for the CHX d0 plaques and 38% for the Listerine d0 plaques.  The CHX d3 plaques 

Figure 6.16 Live:Dead staining of all MAM50 plaques at d26.  Mean cell counts of viable and non-
viable cells with the percentages of viable cells for each plaque type are indicated. 

Figure 6.17 A field of view of a control plaque at d11 stained with LIVE/DEAD BacLight viability stain.  
Viable cells are stained green and non-viable cells red based on their membrane potential.   
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showed lower levels of viability at d26 (0.87%) than they had at d11 (11%).  The CHX d3r 

plaque had low but increased viability compared to the CHX d3 plaques with 

approximately 7% viable cells.  The Listerine d3 plaques’ viability increased substantially 

with these plaques containing 35% viable cells at d26, up from 23% at d11.   

 

 

 

 

 

 

 

 

 

 

 

6.4 Summary  

6.4.1 Plaque Wet Weights and Growth  

Consistent with the previous experiments, the CHX d3 plaques were slow to recover.  This 

further strengthened the hypothesis that CHX binds into and is retained by the plaque 

matrix and is capable of inhibiting growth until the concentration of CHX within the 

biofilm has reduced to sub-inhibitory levels.  Initially based on the slow recovery of CHX-

treated plaques, this observation was supported in this experiment by assaying the CHX 

content of the CHX d3 plaques during the recovery phase of the experiment (see 6.4.2 

below). 

The difference in growth pattern seen between the two Listerine d3 plaques highlighted the 

natural stochastic variation seen in the artificial mouth. This is a biological system only 

one step removed from a natural ecology with all the inherent variability that this 

encompasses.  Complex model systems using undefined inocula such as plaque-enriched 

saliva, will always involve stochastic variations in microbiota.  This in no way reduces the 

Figure 6.18 A field of view of a CHX d3 plaque at d11 stained with LIVE/DEAD BacLight viability stain.  
Note the greater proportion of red cells compared to the previous figure. 
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validity or utility of microcosms, but their innate variability must be recognised when 

planning and interpreting experiments. 

 

 

 

 

 

 

 

 

 

 

 

6.4.2 Plaque Chlorhexidine Concentrations during Regrowth 

At the end of the treatment phase of the experiment (day 11), the CHX concentration in the 

plaque was very similar (0.022%) to the concentration (0.02%) of the CHX solution 

applied.  As the CHX was not applied at this concentration continuously, it can be 

concluded that the CHX bound into and was retained by the plaque matrix during 

treatment applications.  To determine whether the concentration bound into the plaque is 

dependant on the concentration of the solution applied, or if the plaque matrix is saturated 

at this level of bound CHX (0.022%), solutions of different concentrations of CHX could 

be applied to individual plaques under the same treatment regime with the plaques 

subsequently assayed for CHX concentration at different times in the 4 hours after 

application. 

It was difficult to conclusively define an inhibitory concentration of CHX in the recovering 

CHX d3 plaques.  The growth rate in plaque 6 was increasing rapidly while the CHX 

concentration was still quite high at around 0.017%, although the growth rate did not 

increase in plaque 5 until the concentration had dropped below 0.003%.  These 

observations could be attributable to the CHX being distributed unevenly throughout 

Figure 6.19 A field of view of a Listerine d3 plaque at d11 stained with LIVE/DEAD BacLight viability 
stain.  This plaque shows significantly more live cells than in the previous figure, although fewer live 
cells are apparent than in the control plaque (Fig. 6.19). 
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plaque 6, particularly with a large section removed during the sampling process, as evident 

in Fig. 6.6b.  Obviously very little CHX remained in this area of the biofilm and the 

recovering biofilm grew most rapidly from this region.  Plaque 5 also had very small 

numbers of viable cells left in the biofilm once treatment ceased. 

To determine the concentration of CHX bound into the plaque that is inhibitory to plaque 

growth with greater confidence, a series of plaques could be treated from d3 and allowed 

to re-grow from d11 without the end of treatment sampling that took place in this 

experiment.  Treating plaques with varying concentrations of CHX as described above and 

allowing them to recover undisturbed while assaying the CHX concentration in each 

should provide a more accurate determination of both the saturation concentration of CHX 

within the plaque matrix and the concentration below which regrowth can occur.  The 

analysis of inner versus surface layers would help identify any stratification of the CHX 

binding within the biofilm. 

This experiment confirmed that CHX was retained by the plaque and was slowly washed 

out by the flow of the saliva analogue over a period of several days.  Plaque growth did not 

recover until the CHX levels in the plaque dropped considerably, but due to the factors 

described above, a definitive concentration could not be determined with this experiment. 

 

6.4.3 Dry Weight Percentage and Protein Concentration 

The physical characteristics and appearances of treated plaques in previous experiments 

had suggested that the treatment agents were causing an alteration in the amount of liquid 

retained in the plaque matrix.  CHX-treated plaques appeared drier and to have less liquid 

within the plaque matrix than the controls, while the matrices of plaques treated with 

Listerine appeared to contain more liquid.  These observations were confirmed 

experimentally by comparing the percentage dry weights of the d3 treated plaques with 

those of the controls (Fig. 6.8).  The plaque protein concentrations followed a similar 

pattern for the d3 treated plaques at the end of the treatment phase of the experiment (d11) 

with the CHX-treated plaques containing higher protein concentrations then the controls 

and the Listerine-treated plaques containing less (Fig. 6.7).  At the end of the experiment 

d0 treated plaques of both treatments were very similar to the controls in both percentage 

dry weight and protein concentrations.  The Listerine d3 treated plaques contained similar 

levels of both dry matter and proteins as the controls while the CHX d3 plaques were still 
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markedly different from the controls in both of these parameters at d26.  These 

observations further reinforce the idea that the specific agent used to treat the biofilm plays 

a significant role in determining the direction and extent of any changes in the biofilm 

morphology and physiology. 

 

6.4.4 Plaque Species Composition 

It appears likely that CHX treatment essentially froze the plaque composition in a state 

similar to that of the controls at the start of treatment, as at d11 these plaques clustered 

closely to the controls by both clustering methods (Figs. 6.9 and 6.10).  Due to the harsh 

nature of this antimicrobial and the extreme growth suppression, the microbial species 

composition of the plaques was not able to alter during the treatment phase of the 

experiment with little, if any selection was occurring.  In the Listerine-treated plaques, 

some growth did occur during treatment, which enabled selection for a microbial 

community better suited for growth under pressure from this treatment agent.  

The patterning statistics indicate that the specific treatment agent applied may have had 

more impact on plaque development than the timing of the initial treatment.  However, this 

observation is poorly supported by the pie charts presenting plaque species composition 

(Fig. 6.11) and the tables presenting the data for the individual species compositions of the 

plaques (Tables 6.3 and 6.4).  In Fig. 6.11 the plaques treated with Listerine from d0 show 

more significant differences when compared to the controls than any of the other treated 

plaques.  The pie charts in this figure indicate that the d0 plaques show considerably more 

variability in their species composition than the d3 plaques.   

Treating unformed (d0) plaques with Listerine tended to have more of an effect than any 

other treatment, with significant changes seen in five species groups.  For three of the four 

treatments, CHX d0 and d3 and Listerine d3, the first hypothesis (simple perturbation) 

appears to explain the results seen and be the most relevant hypothesis.  For the Listerine 

d0 plaque, a functional replacement scenario is likely, as the proportion of cariogenic 

species has remained reasonably constant although two of the species groups within this 

designation have changed significantly compared to both the controls and the Listerine d3 

plaques. 
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6.4.5 Potential Checkerboard Sampling Issues 

Razor wedge sampling was based on the assumption that any species gradient and 

variability is most likely to run from the centre to the periphery of the plaque, with 

minimal differences in species composition within regions equidistant from the plaque 

centre.  An initial experiment to test this assumption has been undertaken where plaques 

were sampled simultaneously from opposite radii using razor wedges.  The results 

indicated that the radial similarity within plaques was quite high (Sissons, unpublished).  

To further test this assumption, a series of plaques should be grown in the artificial mouth 

under standard conditions.  Using razor wedges, samples would be taken from multiple 

radii (6-10 per plaque) of a pair of plaques on day 3 of the experiment.  Subsequent 

plaques would be sampled on days 6, 10, 15, and 21.  Samples for other assay techniques 

such as light microscopy sections, PLFA analysis, and Biolog analysis would also be taken 

in an attempt to further understand the species, structural and physiological changes that 

plaques undergo during their development. 

The CKB data from this experiment appeared to indicate that treating preformed (d3) 

plaques with either CHX or Listerine had very little effect on the measured species 

composition of the microcosm plaques with respect to the 40 species in the CKB panel.  

Any DNA-based technique will detect all residual DNA in a biofilm when used for 

assessing the microbial composition of microcosm plaques including that of non-viable 

cells.  Biofilms treated with stringent antimicrobials will probably contain significant 

amounts of DNA that has been released into the plaque matrix or trapped within the 

carcasses of dead bacteria.  This DNA will contribute to the signal and lead to an 

inaccurate picture of the plaque species composition as the live bacteria will form a minor 

proportion of a biofilm that has been severely disturbed, such as the CHX d3 plaques in 

this study.  This issue is more fully discussed in Chapter 7. 

 

6.4.6 Physiological Assays 

6.4.6.1 Biolog Assays: 

It was expected that PCA plots of the results of the Biolog assays would agree closely with 

those of the CKB assays.  The actual results were quite different, with the plaques 

clustered predominantly by treatment type in the CKB assays (Fig. 6.9), while they 

clustered by the time of initial treatment in the Biolog assays (Fig. 6.12).   
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These differences are likely to relate to the different parameters measured by these assays.  

The Biolog assay is measuring enzyme functions that determine the ability of the sample 

to utilise a particular substrate.  In this and other microbial ecological studies Biolog plates 

are used as an overall assessment of functional diversity of the constituent microbes 

(Insam and Goberna, 2004), while CKB analysis is assaying the presence and quantity of 

forty individual bacterial species in the plaque.  Species that are not in the CKB panel are 

not assayed, but whichever species a particular enzyme comes from has little effect on the 

results of the Biolog assay – its activity will still be measured.  Because of this, it is 

possible that the Biolog assay provides a more holistic approach to measuring differences 

in the overall plaque diversity between treatments but this technique also has its limitations.  

It requires substantially more material, at least 150 mg per plate, and will only provide a 

result when metabolic activity is present. 

 

6.4.6.2 API ZYM Assays: 

The significance of minor changes in the enzyme profiles of treated plaques compared to 

the controls is likely to be inconsequential, particularly given that the proportion of viable 

cells in the treated plaques is lower than in the controls.  However, the wholesale loss of a 

number of different enzymes from the CHX d3 plaques (Fig. 6.14) suggests a potential 

reduction in ecological metabolic diversity, particularly when this assay was performed 

after a number of days of biofilm recovery.  If species diversity had been maintained, the 

microcosm plaques should have regained much of the enzymatic activity that may have 

been lost during treatment.  The API ZYM strips, in conjunction with the live/dead 

staining and other results presented here again confirm that CHX is a potent inhibitor of 

plaque growth and physiological activity.  It has a long lasting effect particularly when it is 

applied to a preformed (d3) biofilm that has extracellular material in place on the substrate 

available for the CHX to bind into and to act as a reservoir once fresh applications have 

ceased.  On surfaces where there is little or no preformed biofilm (d0 plaques), this agent 

still shows a powerful inhibitory effect.  This effect is short-lived once applications have 

ceased as there is no reservoir of agent at the base of the biofilm to maintain the 

antimicrobial effect. 
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6.4.7 Plaque Viability 

The biofilm biomass viability assay highlighted a number of points regarding cell viability 

in biofilms.  The majority of cells, even in healthy (untreated) biofilms are likely to be 

non-viable, with the control plaques in this experiment containing nearly 60% non-viable 

biomass at both sampling points.  Many would have died due to natural cell turn-over as a 

result of normal cellular and biofilm developmental processes.  Some turn-over would be 

the result of the starvation of cells in the lower levels of the biofilm as it thickens and 

nutrients become limited.  Some cells would die and their components would be gradually 

released into the surrounding matrix for utilisation by surrounding members of the biofilm.  

Programmed senescence has been shown to occur under certain conditions in mono-culture 

biofilms (Webb et al., 2003) and it is reasonable to expect that this would also happen in 

mixed species biofilms such as dental plaque. 

The results of this assay highlight one of the major differences between the two treatment 

agents used in this experiment.  CHX acts as a bacteriocidal agent, killing cells it comes 

into contact with by disrupting the cell membranes (Barrett-Bee et al., 1994; Hugo and 

Longworth, 1964; 1966), considerably reducing the number of viable cells within the 

biofilm.  The effect of the CHX is also enhanced and extended by its apparent binding into 

the extra-cellular matrix of pre-formed plaques in particular, maintaining an inhibitory 

effect for some days after applications have ceased.  Conversely, higher levels of cell 

viability were maintained in the Listerine-treated plaques which recovered faster, returning 

to match the controls more quickly. 

In this assay, the d0 plaques again recovered from treatment faster than the corresponding 

pre-formed (d3) plaques, particularly the CHX-treated plaques.  It was expected given the 

very small amounts of biomass (and therefore very small amounts of CHX) remaining on 

the CHX d3r plaque that cell viability would be much higher, particularly after examining 

the growth rates (Fig. 6.2) and plaque photos (Fig. 6.5b).  This plaque did recover more 

quickly than the other CHX d3 plaques but not as quickly as the d0 plaques.  This result 

suggests that although the amount of biomass present, which should also equate to the 

amount of CHX, may be predictive of how rapidly the plaque may initially grow after 

treatment ceases, it doesn’t provide information about the health and viability of the 

individual cells within the biofilm.   
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6.4.8 Conclusions from this Experiment 

The Listerine and CHX-treated d0 plaques in this experiment yielded similar growth 

patterns but with differences between their CKB microbiota.  The growth of these plaques 

was extremely inhibited during treatment, followed by a rapid recovery and strong growth 

once treatment ceased.  At d11 a thin biofilm possibly consisting of extra-cellular material 

and detritus covered much of the coverslip.  During the recovery phase the biofilm quickly 

grew to form a deep plaque over the entire surface.  The plaque protein concentrations 

were similar to the controls at the conclusion of the experiment as were the physiological 

assays and viability results.  The most dissimilar results were the CKB results which 

indicated that the treatment agent applied played a greater role in the resultant plaque 

species composition than the time of initial treatment although the d0 plaques were more 

different to the controls than were the d3 plaques (Figs. 6.9 and 6.10).  

The CHX and Listerine-treated d3 plaques showed greater variability than their d0 

counterparts.  The CHX d3 plaques had a higher protein concentration and percentage dry 

weight than the controls.  The opposite response was exhibited by the Listerine d3 plaques.  

The Listerine d3 plaques recovered more rapidly than the CHX-treated plaques in terms of 

growth rate and viability.  The CHX d3r plaque exhibited traits of both d0 and d3 plaques.  

The viability results were most similar to the other CHX d3 plaques (Fig. 6.16) while the 

API ZYM results were more like the CHX d0 plaques (Fig. 6.14). 

While overall the results of this experiment agreed with those seen in the previous two 

experiments, a number of differences were identified.  A number of direct comparisons 

between similar plaque types from each of the three experiments is presented below in 

Chapter 7, which discusses in some detail the similarities and differences of the results of 

these experiments. 

Some specific suggestions for experiments to extend this study into the effects of applying 

antimicrobial treatments to microcosm dental plaques have been made in this section.  

Other, more general suggestions are presented in Chapter 8. 
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Chapter 7 – Inter-Experimental Comparisons   

 

7.1 Introduction 

Three MAM experiments to examine the effectiveness of different mouthwashes have 

been completed.  The initial experiment, MAM34A was designed as a preliminary scoping 

experiment to examine in particular the effect of a number of commercially available 

mouthwashes on microcosm plaque growth rates.  Effects on plaque growth rates as wet 

weight accumulations were primarily used as an estimation of the effectiveness of the 

mouthwash.  Formulations that appeared to be ineffective were eliminated in a second 

experiment (MAM34C) with a second saliva donor.  MAM34C was designed to 

investigate the effects of applying mouthwashes to microcosm plaques from shortly after 

inoculation (d0 plaques) as well as to the pre-formed (d3) plaques used previously.  The 

use of metabolic chambers in this experiment allowed the Listerine treated plaques to be 

isolated to prevent any volatile compounds from the Listerine affecting the rest of the 

plaques cultured in the main MAM chamber.  The third experiment, MAM50, with the 

same saliva donor as MAM34A was designed to further investigate the effects of 

chlorhexidine and Listerine. 

 

7.2 Comparison Between MAM34A and MAM34C 

7.2.1 Wet Weights and Growth  

The control plaques in MAM34C (Figs. 5.2 and 5.3) grew at a greater rate during and after 

the treatment phase of the experiment than the equivalent plaques in MAM34A (Figs. 4.3, 

4.4 and 4.5), reaching an average of 1,402 mg, rather than the 708 mg average of 

MAM34A.  This difference was possibly due to the presence of the volatile compounds 

from Listerine in the main MAM chamber during the first experiment.  In the second and 

subsequent experiments, the Listerine-treated plaques were isolated to remove any 

possibility of this effect recurring. 

The d3 treated plaques in MAM34C generally behaved in a manner consistent with the 

previous experiment, except for the Plax-treated plaque.  In MAM34A, the growth rate of 

this plaque increased three days earlier than in MAM34C.  This observation may be 

explained by the normal variation seen in these microcosm plaques (Sissons et al., 1995). 
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7.2.2 Visual Appearance 

The overall appearance of microcosms treated with the same treatment agent were 

consistent between these two experiments.  Small differences were noted, the Listerine-

treated plaque in MAM34A (Fig. 4.6) had an open centre at the end of treatment, but this 

did not occur in MAM34C (Fig. 5.5b).  This observation was not considered significant 

and was thought to again relate to the natural variations seen between plaques. 

 

7.2.3 Plaque Species Composition 

Comparing the grouped species compositions of similar plaques from the two experiments 

(Fig. 7.1 and Tables 4.2, 4.3, 5.2 and 5.3) indicates what appeared to be significant 

variation in the overall plaque species compositions between similar plaques from each 

experiment.  The plaques in MAM34C tended to have substantially more of the anaerobes 

I group present than the MAM34A plaques did.  V. parvula dominated this group in the 

MAM34C d11 plaques while at d18 V. parvula, C. gingivalis and F. nucleatum nucleatum 

dominated depending on treatment type.  The Plax-treated plaque at d11 tended to be 

dominated by the Anaerobes II group, mainly due to the levels of L. buccalis, while the 

CHX-treated plaque was probably the most similar treated plaque between these 

experiments. 

It is unclear whether these changes were due to the natural variations that occur in these 

microcosm plaques between experiments, or if there is another factor underpinning these 

variations.  The fact that each of these experiments was inoculated using plaque enriched 

saliva from unrelated donors is likely to be a factor, as the different bacterial species and 

strains present in each inoculum are likely to be present in different proportions, and are 

likely to behave in a slightly different manner during plaque growth and development.  

The subsequent experiment was inoculated using plaque enriched saliva from the first 

donor to investigate this observation further. 
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Figure 7.1 Grouped species composition of control and selected treated plaques from MAM34A and 
MAM34C.  Species compositions were compared between similar plaques from each of these experiments 
at the end of treatment and the end of the experiment.  Species were grouped and analysed as detailed 
previously, and the differences in composition between experiments were compared visually. 
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Figure 7.2 Growth curves of control, CHX d3 and Listerine d3 plaques from the three MAM experiments 
described in this thesis.  A side-by-side comparison of these graphs using the same scale shows the 
similar trends seen in these plaque types across all three experiments.  The control plaques are most 
similar in MAM34C and MAM50.  The CHX d3 plaques in particular show similar growth patterns across all 
three experiments. 

7.3 Comparison Between MAM34A, MAM34C and MAM50 

7.3.1 Plaque Growth  

The growth of the control plaques was most similar in MAM34C and MAM50 even 

though these experiments involved different saliva donors (Fig. 7.2).  All plaques in the 

screening experiment (MAM34A) were smaller than their counterparts in the other 

experiments for reasons that are unclear, but this was one of the first experiments using the 

chemically defined artificial saliva DMM. 

In all cases, the growth rates of the CHX-treated d3 plaques were arrested immediately 

after the first treatment application.  Growth remained static for the duration of the 

treatment phase of the experiment and there could be loss of biomass.  Once treatment 

ceased, and the bound CHX had washed out of the biofilm, the growth rates increased 

although this recovery was variable.  It appeared that the saliva donor used to inoculate the 

microcosms may have played a role in determining post-treatment recovery, particularly of 

the CHX d3 plaques.  MAM34A and MAM50 used the same saliva inoculum donor.  The 

CHX d3 plaques in these experiments recovered more slowly, starting approximately five 

days after treatment, than in MAM34C, which used a second donor and gave faster 

regrowth.   
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The growth response to applying Listerine from d3 was more variable.  Generally growth 

was suppressed.  In one experiment (MAM34A) the plaque lost biomass during treatment 

while in the other two experiments the wet weights started to increase during treatment, 

albeit at a slower rate than in the controls.  The growth rates of the Listerine-treated 

plaques also typically recovered more quickly than that of the CHX-treated plaques once 

treatment ceased.   

Overall the trends seen in the growth rates of the control and treated plaques were 

comparable from experiment to experiment, allowing for the innate variation in plaque 

growth. 

 

7.3.2 Protein Concentration Comparisons 

Donor effects appear to play a role in determining the relative concentration of biofilm 

protein present with each treatment type.  In both of the experiments where saliva 

inoculum donor 1 was used, the CHX-treated plaques contained significantly more protein 

than the controls, while the controls contained significantly more protein than the 

Listerine-treated plaques (Fig. 7.3).  With plaques from the experiment inoculated from the 

second donor, the control plaques contained approximately twice as much protein per 

milligram than either of the treated plaque types. 

 

 

 

 

 

 

 

 

 

 

 
Figure 7.3 Comparison of plaque protein concentrations of similar plaque types from three artificial 
mouth experiments.   
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Overall, the plaques from MAM50 contained a substantially higher protein concentration 

than those from the other two experiments.  All of the protein concentrations in these 

plaques fall within or close to the range generally seen within the dental plaque 

microcosms cultivated within the MAM (Wong and Sissons, 2001). 

 

7.3.3 Checkerboard Results 

There appears to be a marked variation in the response of the microcosm plaques to 

antimicrobial agents, particularly in their species composition changes, which appeared to 

be attributable to the particular donor of the plaque enriched saliva inocula.  The plaque-

enriched saliva donor was the same person for MAM34A and MAM50, while MAM34C 

was inoculated by plaque-enriched saliva from a second donor.  This donor-specific 

difference is highlighted in Table 7.1, which indicates the species showing significant 

differences from the appropriate controls in each experiment at the conclusion of the 

treatment period.  Similar data at the conclusion of the experiment, once recovery and re-

growth occurred is presented in Table 7.2.  The shading in Tables 7.1 and 7.2 highlight the 

different responses of each species in the treated plaques in each experiment compared to 

the appropriate experiment’s controls.     

Although the three sets of plaques were treated with the same antimicrobials for similar 

time periods from the same point in the plaques’ growth, the changes in species 

composition were as dependant on the original plaque enriched saliva inocula used as on 

the treatment agent the plaque was exposed to.  Both of these factors have a significant 

effect on species changes seen in treated plaques.  Table 7.3 presents the CKB microbiota 

data from the end of the treatment periods and the end of the experiments grouped into the 

species groupings used.  Similar trends where the plaques differentiate as much by donor 

as by treatment type are still visible, although these are less obvious.   

Figure 7.4 presents the grouped species data as pie charts.  These images illustrate and 

reinforce the observation that the species compositions of microcosm plaques grown from 

the plaque enriched saliva of different donors behave differently when subjected to the 

same antimicrobial agent.  This observation has since been confirmed in a subsequent 

multi-donor experiment (Filoche et al., 2008) which also showed plaque microcosms 

inoculated from the plaque enriched saliva of different donors differentiated according to 

the donor rather than in response to the treatment agent. 
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Table 7.1 End of treatment (day 11 or 15) comparison of the checkerboard results for control, CHX 
d3 and Listerine d3 plaques from the three MAM experiments in this thesis.  Species significantly 
different from the appropriate controls (p≤0.05) are highlighted in bold and italics.  Green and orange 
shading indicate species that increased or decreased by two-fold or more compared to the controls for 
that experiment.  Pale blue and yellow shading indicates species with between a one and a half and 
two fold change.  The saliva inoculum from MAM34A and MAM50 were from one donor, while the 
inoculum for MAM34C was provided by a second donor. 

 



Chapter 7 Comparison of Three Antimicrobial Experiments 159 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 7.2 End of experiment (day 22, 18 or 26) comparison of the checkerboard results for controls, 
CHX d3 and Listerine d3 plaques from the three MAM experiments in this thesis.  Species significantly 
different from the appropriate controls (p≤0.05) are highlighted in bold and italics.  Green and orange 
shading indicate species that increased or decreased by two-fold or more compared to the controls for 
that experiment.  Pale blue and yellow shading indicates species with between a one and a half and 
two fold change.   
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7.4 Inter-Experimental Comparisons – Discussion  

Many measurable parameters of microcosm plaques vary from experiment to experiment 

even when exposed to the same experimental conditions.  The principal reason for this 

variability is the stochastic nature of a complex biological system (Karatan and Watnick, 

2009; Sissons, 1997).  Even with every effort made to reduce variation, direct comparisons 

between plaques from different experiments may not be valid; instead the comparisons 

should be made using values that have been normalised against a common standard, for 

example in this case against the untreated experimental controls. 

However, overall the trends seen in the growth rates of the control and treated plaques 

were consistent from experiment to experiment.  Variation was seen in the response of the 

Table 7.3 Grouped species comparison of the checkerboard results for control, CHX d3 and Listerine 
d3 plaques from the three MAM experiments in this thesis.  Species data for each of the groups 
described previously is displayed.  Species groups significantly different from the appropriate controls 
(p≤0.05) are highlighted in bold and italics.  Green and orange shading indicate species that changed by 
two-fold or more compared to the controls for that experiment.  Pale blue and yellow shading indicates 
species with between a one and a half and two fold change.   
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individual plaques to treatment, in the speed of recovery in growth rate once recovery 

commenced and in the final wet-weight each plaque obtained.     

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

This differential response to treatment agents depending on the microbiota present in the 

biofilms may have far-reaching effects on a formulation’s potential use as therapeutic 

agents for treating oral diseases.  A more targeted approach is required than simply 

suppressing plaque growth and hoping for the best.   By examining the initial species 

compositions of a patient presenting with an oral disease, it may be possible to prescribe a 

suitable and effective treatment.   

Figure 7.4 Comparison of grouped species compositions of similar plaque types from three artificial 
mouth experiments.  The species composition of the Control, CHX d3 and Listerine d3 plaques at the end 
of treatment and the end of the experiment for the three artificial mouth experiments described in this 
thesis are presented.  The same donor for the saliva inocula was used in MAM34A and MAM50 while a 
second donor was used in MAM34C as indicated.  The plaques from MAM34A and MAM50 had similar 
grouped species compositions, considerably different compared to those of MAM34C.  Red asterisks (*) 
indicate a significant difference (p≤0.05) in the indicated species group between the treated plaques and 
controls at that time point (d11 or d26).  Blue asterisks (*) indicate a significant difference in the species 
group between the two time points (d11 and d26) for that plaque type. 
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Chapter 8 – General Discussion and Conclusions 

 

8.1 Checkerboard Analysis of Plaque Microbiota 

Checkerboard DNA:DNA hybridisation analysis is a powerful and robust technique for 

quantifying key species in plaque biofilms from both in vivo and in vitro sources.  CKB 

analysis was improved through the development and optimisation of a number of key 

parameters to provide greater sensitivity and specificity in critical steps in the technique. 

CKB analysis is sufficiently sensitive that the typically small (≥1 mg) samples obtained 

from hard and soft oral tissues can undergo robust analysis.  A major drawback is the 

requirement to have cultivable microbes as a source of the DNA probes.  This requirement 

can be circumvented by using a “reverse checkerboard” technique (Paster et al., 2006) if 

investigations into non-cultivable species are desired. 

 

8.1.1 Comparison of Checkerboard DNA:DNA Hybridisation with Other 

Technologies 

For the analysis of a moderate number of key species in dental plaque, checkerboard 

DNA:DNA hybridisation retains a number of key advantages over other, particularly PCR 

based, techniques.  Unlike PCR-based techniques, it does not have the up to 100-fold bias 

inherent in PCR that can lead to an overestimation of species of low abundance compared 

to more common species (Suzuki and Giovannoni, 1996).  Data obtained using CKB 

hybridisation analysis of disparate complex samples and from different experiments are 

also likely to be more consistent than from PCR techniques given the inherent errors and 

bias in PCR-based techniques.  Samples analysed on different membranes at different 

times give equivalent results, meaning technical errors are unlikely to be substantial in the 

analysis of CKB data.  This is particularly important when comparing this technique to T-

RFLP and DGGE, where exact electrophoresis conditions are difficult to replicate and 

these even slight variations can introduce significant artefacts, technical and interpretation 

errors into the results.     

Microarray analysis is a version of CKB technology and is based on similar hybridisation 

technology.  With many more probes available per hybridisation reaction, it is possible to 

identify and quantify many hundreds of species (Brodie et al., 2006).  However, the costs 

involved in utilising commercially produced microarrays are significantly greater than 
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those of a CKB analysis which would limit the availability of microarray technology in 

many laboratories. 

Massively parallel or next generation sequencing, particularly using pyrosequencing 

methods on the Roche Genome Sequencer FLX instrument, has allowed a more thorough 

investigation of microbial community structure (Huber et al., 2007; Spear et al., 2008).  

This technology has identified many genera and putative species units from the oral 

environment that have never been cultivated in the laboratory (Keijser et al., 2008).  PCR 

bias in this technology is likely to under- or over-estimate the relative abundance of the 

rarer and more common species.  Once again, costs have been the major limiting factor in 

the availability of this technology, although these costs are rapidly reducing.  The 

bioinformatics challenges of next-generation sequencing, along with a lack of researchers 

who are skilled in the required analysis techniques have also limited the ability of many 

laboratories to access this technology.  This technology has also led to an intensification of 

the debate into the definition of a species as it has confirmed the large variations in genetic 

material seen between ‘strains’ of the same ‘species’.  This concept will not be discussed 

further in this thesis. 

A feature of any hybridisation based technique; CKB, microarray, or PCR based 

technologies, is the requirement for complementarity of the probes or primers with target 

nucleic acid sequences.  If probes or primers cannot hybridise to the target DNA in the 

sample due to sequence mismatches, underestimation of species frequency will occur.  In 

this respect, CKB hybridisation using whole genome probes is probably more accurate 

because of the in-built redundancy in having the whole genome available for hybridisation 

compared to the short (25 to 60-mer) probes used in commercial microarrays and 

oligonucleotides of similar lengths used in PCR reactions for primers and Taqman type 

probes. 

CKB hybridisation allows the enumeration of a number of key ecological indicator species 

usually present in dental plaque in a rapid manner with a higher sample throughput than 

most other techniques, particularly cultural methods.  As this and other studies (Aas et al., 

2008; Becker et al., 2002; Paster et al., 2006; Socransky et al., 1998) have shown, this 

technology has provided an approach yielding a greater understanding of the species 

composition and community structure of dental plaque from different disease states or 

experimental conditions and has potential applications in other complex microbial 

communities.   
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8.1.2 Statistical Analysis of Species Composition Changes in Dental Plaque 

Microcosms 

In gene expression microarray experiments in which data is very similar to that obtained 

from CKB experiments, biologists frequently use a “fold change” approach to identify 

genes that appear to be affected by experimental conditions or disease states.  Fold change, 

most often two-fold, uses at least a doubling or halving in the level of gene expression 

between the control or treatment, or healthy or diseased states as a cut-off level to 

determine changes in expression levels.  Issues arise when fold-change values are used to 

determine the significance of these changes as it is not a statistically rigorous measure.  

While it has provided experimental biologists with a basic tool to determine gene changes 

between treatment and control samples it primarily suffers from uncertain sensitivity and 

reliability except for the largest and most robust changes (Tusher et al., 2001).       

The fold change approach may be valid for initial analysis of the data, but more stringent 

analyses are required to seek smaller but statistically significant changes and to eliminate 

large apparent changes that are not statistically significant.  The most common statistical 

analysis used is analysis of variance (ANOVA).  ANOVA models, usually with a false 

discovery rate adjustment such as the Bonferroni correction, have become the preferred 

statistical method for analysing microarray data (Pavlidis, 2003; Tan et al., 2003; de Haan 

et al., 2007).  Given the similarity of experimental design and data output, it is probably 

the most valid technique for determining the significance of changes in particular species 

in treated and control plaques determined by CKB hybridisation in MAM experiments.  

Techniques such as PCA and hierarchical clustering have been used to monitor global 

changes in plaque species and determine the level of similarity between samples. 

Tables 4.3 and 4.4 present treatment driven species changes with both fold change and 

ANOVA results indicated.  In these tables most of the species changes identified by the 

fold change approach were not statistically significant (p≤0.05) by ANOVA (with 

Bonferroni corrections), and a number of significant changes identified by ANOVA show 

a difference between the treated and control plaques of less than two fold.  It can be 

concluded that using a statistically rigorous approach for CKB data analysis (ANOVA 

with Bonferroni corrections) is equally as valid as it is for microarray analysis. 

ANOVA takes into account sample variation within a treatment group as well as variations 

between treatment and control samples.  As a result, samples that have higher variability 
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will require a greater difference between sample groups for the difference to be statistically 

significant than samples that have little variability.  In this manner, ANOVA controls for 

intra-treatment variability before it determines the significance of inter-treatment 

differences. 

PCA analysis of individual samples can also be used to estimate the level of variation 

between samples from each treatment.  Samples with less inter-sample variation will 

cluster closely on a PCA plot, whereas samples from a treatment group that vary more 

significantly will be more spread across the plot.  This comparison is valid when all 

samples from an analysis are compared on the same PCA plot (Fromin et al., 2002; Filoche 

et al., 2007). 

In this thesis ANOVA is the statistical tool of choice for determining significant 

differences between two samples. In other applications of CKB technology, other 

statistical tools have been shown to be valid.  In the periodontitis study presented by 

Socransky et al. (1998), community ordination patterning tools such as PCA and 

correspondence analysis were used to identify species involved in the onset and 

progression of periodontal disease.  Becker et al. (2002) and Haffajee et al. (2009a) used 

the non-parametric Wilcoxon rank sum and signed rank tests in a study to assess bacterial 

species associated with childhood caries and periodontitis respectively. 

 

8.1.3 Grouping of Related Species for Analysis and Interpretation 

While CKB hybridisation enumerates microbes primarily at a species level, it was clearly 

seen while attempting to analyse the species changes due to mouthwash applications that 

this provided a very large amount of complicated information that was not easily related to 

the applied treatments.  Grouping the microbes into putative functional species groups 

reduced these data to an appropriate level of detail to investigate the changes in the 

microcosm plaques in the plaque treatment experiments.  It is likely that in the future it 

may be productive to study individual species after we have gained a greater understanding 

of how plaque species levels change due to environmental modification. 

In studies, such as the preliminary caries study (Chapter 2) and others (Socransky et al., 

1998; Becker et al., 2002; Paster et al., 2006; Sissons et al., 2007), it remains appropriate 

to assess the proportion of each individual species.  It may be plausible that changes in the 

levels of one or a few species at a particular site in the oral cavity will indicate clinically 
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relevant changes long before there are significant changes in the levels of the functional 

species group involved or pathogenic consequences emerge.  The above studies have also 

developed species groupings that are different to those used in this thesis and are more 

appropriate to the disease state studied.  An example of this is the colour groupings of 

species involved in periodontal disease progression suggested by Socransky et al., (1998), 

robust groupings that are still used to describe bacterial species implicated in periodontal 

health or disease (eg. Demmer et al., 2010; Kuramitsu et al., 2007). 

 

8.2 Species  Composition of Plaque Samples from Caries-Free 

and High-Caries Children  

There are complex site-specific bacterial relationships to dental caries (Marsh, 2003; 2006) 

and our understanding of these complex relationships is essential to interrupt the likely 

inter-species relationships that contribute to or trigger the caries process.  CKB analysis 

with 40 probes, although targeted at only perhaps 10 –30% of the bacterial species present 

in supragingival plaque, yields an ecologically-relevant analysis of the complex health-

compatible and cariogenic plaque microbiota and has been used in a number of studies to 

this end (Aas et al., 2008, Lima et al., 2011; Socransky et al., 1998; Ximenez-Fyvie et al., 

1999).  

The results of the pilot study, although small, still indicated that there are significant 

differences in prevalence of plaque species at different oral sites between the high and 

undetected caries groups. Upper anterior plaque and tongue biofilms yielded overall the 

strongest caries associations (Table 3.5) and these sites may yield the clearest indicators of 

caries activity.  This is consistent with the reverse-capture CKB study of Aas et al. (2008) 

who found that composition differences in plaque at disease-free sites were indicators of 

overall disease status in both caries-free and high-caries patients.     

The most consistent and significant positive ecological correlations between sampling site 

and dmft status were attributed to species with little obvious relationship to caries etiology: 

the anaerobes Corynebacterium matruchotii, Eubacterium saburrem, and Leptotrichia 

buccalis.  Despite its reputation as a caries pathogen, Streptococcus mutans was 

consistently slightly higher in the plaque of the ‘caries-free’ group and significantly higher 

on the tongues of those without caries. The putative caries pathogens in the Streptococcus 

Group 2 (Table 3.4) also did not correlate well with dmft status.  It is possible that 
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especially acidogenic/aciduric strains of these streptococci may be involved in cariogenic 

plaque development.  Lima et al. (2010) and Tanner et al. (2011) detected site specificity 

of caries pathogens such as S. mutans, other streptococci, Veillonella species and 

Scardovia wiggsiae when carious lesions were sampled rather than samples taken from 

apparently disease free areas or the tongue. 

These observations suggest that tracking these traditionally accepted caries pathogens may 

be less useful than an overall ecological analysis of plaque.  Species that disappear as the 

plaque becomes more cariogenic could be very important indicators of potential shifts in 

the plaque toward a cariogenic state.  This seems particularly relevant when samples are 

taken as part of a screening program aimed at identifying relevant bio-markers in an 

attempt to predict disease progression.  The present results support the conclusion that a 

reasonably comprehensive ecological analysis of the plaque microbiota is required to 

adequately characterise and predict plaque cariogenicity. 

 

8.3 Treatment Induced Changes in Plaque Growth and 

Development  

8.3.1 Species Changes in Dental Plaque Communities 

The current understanding of plaque biofilm development and succession has been 

obtained by studying natural dental plaque, consortia models, and microcosm plaque 

models (Bowden, 2000; Filoche et al., 2010; Haffajee et al., 2008; Jenkinson and Lamont, 

2005; Kolenbrander et al., 2006; Marsh, 2003; Marsh and Percival, 2006).  Nevertheless, 

we have only a limited understanding of how plaque species within a dental plaque biofilm 

are affected by environmental modification or insult.  Most studies using dental plaque 

microcosms have studied species changes by either quantifying a limited number of 

putative key indicator species or using selective microbial media to enumerate groupings 

by growth capabilities (McBain et al., 2003; Pratten et al., 1998a,b; Pratten and Wilson, 

1999; Ready et al., 2002).  Until recently, it has been technically challenging to accurately 

quantify large numbers of species, particularly in multiple plaque samples, due to the lack 

of appropriate techniques.  The rise in molecular techniques such as CKB analysis has 

closed this gap.  In a biofilm, the community gains increased protection against 

antimicrobials compared to the same cells in suspension, but any species composition 

changes that occur during an insult are unclear and difficult to predict. 
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CKB hybridisation and other molecular techniques have allowed quantitative analysis of 

natural and microcosm plaques and in particular the quantification of overall changes in 

plaque composition.  This technique, coupled with the artificial mouth in this laboratory, 

has allowed the study of species changes in microcosm plaques that result from the 

application of antimicrobial treatments, in this case commercial mouth rinses.  This thesis 

has laid groundwork for understanding the changes that occur in microcosm plaques, and 

by extrapolation, natural dental plaque, during and after these challenges.  Much work 

remains before full understanding of treatment-induced species changes in dental plaque 

will be known.   

This study has suggested that once the biofilm has become reasonably well established (d3 

plaques), plaque species composition determined by DNA analysis remains largely 

unchanged by the application of antimicrobial agents, particularly when subjected to 

aggressive treatments such as the CHX regimes used in this study.  This has highlighted a 

limitation of techniques that quantify biofilm species using DNA-based analyses.  There is 

most likely considerable DNA present in the biofilm contained in the carcasses of dead 

bacteria which will provide a high level of signal although the metabolic activity and 

viability of the biofilm may be low (cf. Keer and Birch, 2003; Kobayashi et al., 2009).  In 

order to detect changes in species compositions, the signal from live bacteria, which is 

likely to be a minority proportion of the biofilm, must be increased sufficiently to be 

greater than this background signal.  To detect changes in the biofilm species composition, 

treatment applications needed to be started in the early phases of biofilm growth and 

development – e.g. corresponding to the d0 (12 hour) plaques in this study, and need to 

provide opportunities for the species composition of the biofilm to adapt and evolve during 

treatment. 

When an aggressive antimicrobial, such as CHX or triclosan is applied to the plaque, 

growth is suppressed with the wet weight of the microcosm plaque either static or 

increasing very slowly during the treatment.  Plaque species composition by CKB analysis 

appears to be largely unchanged.  Once treatment ceases, the biofilm recovers. After a 

recovery period, the microcosm plaques treated with these agents in this study largely 

resembled an untreated control plaque although some changes in species and plaque 

morphology and physiology were observed.  This occurred in MAM34A and MAM50 

more so than in MAM34C, which may be related to the saliva donor used.  Conversely, in 

the plaques treated with Listerine in all these experiments, growth rates were generally not 
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suppressed as much as in the CHX treated plaques.  In most cases the plaques continued to 

grow slowly during treatment.  The plaques treated with Listerine from d0 were more 

likely to undergo major CKB-detectable shifts in species composition, particularly when 

analysed at a functional species group level.     

CHX treatment, particularly from d3, caused significant changes in enzymatic levels 

within the plaques, as evidenced by the PCA and hierarchical clustering of the Biolog 

results and the visual appearance of the API ZYM strips from MAM 50 (Figs.6.15, 6.16 

and 6.17).  The differences between species composition and enzyme functions and levels 

suggest that although the genome of a microbe may be present in the plaque, it is not 

necessarily metabolically active at any given time.  Treatment, particularly with strong 

agents such CHX, is likely to reduce the metabolic activity within the plaque and delay the 

breakdown of dead cells within the plaque matrix.  Microbial “carcasses” may remain 

within the biofilm matrix for a considerable length of time and any DNA-based system for 

quantifying species is likely to over-estimate numbers of bacteria present as a result of the 

DNA contained in these dead cells. 

Regardless of the exact species composition at the conclusion of the treatment period, 

during regrowth the species composition of the treated plaques tended to change to 

resemble that of the control plaques.  These changes are most obvious in the functional 

groupings presented as pie charts in Figs. 4.11, 5.10 and 6.13.  This suggests that the 

external biofilm environment, which was the same for the control and regrowth plaques, 

was a major determinant of composition together with treatment effects and a donor-

specific microbiota. 

 

8.3.2 Chlorhexidine Treatment Induced Changes 

8.3.2.1 Effects on Biofilm Structure 

In the MAM experiments conducted in this study, microcosm plaques treated with CHX 

from d3 appeared to shrink down onto the substrate.  These plaques also appeared to lose 

liquid from the plaque matrix which was evidenced by the increased dry weights at d11 in 

the MAM50 plaques (Chapter 6.1.3.5, Fig. 6.9).  Hope and Wilson (2004) made similar 

observations with CHX treated microcosms, using a CSLM technique to visualise plaque 

species growing in flow cells while the plaques were treated with CHX pulses.  These 

authors noted that the top surface of the plaque matrix shrank toward the substrate at a rate 
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of 1.176 µm/min in response to a CHX pulse and explained this by the interactions of the 

positively charged CHX with the negatively charged EPS molecules.  This interaction 

would result in the neutralisation of the net negative charge in the plaque matrix that 

maintains the separation of the neighbouring EPS molecules, resulting in the collapse of 

the plaque structure.  These changes would also explain the collapse of the plaque matrices 

in the CHX-treated plaques in these experiments and the concordant loss of water from the 

plaque, resulting in an increase in plaque dry weight.   

 

8.3.2.2 Effects of Bound Chlorhexidine Post-Treatment 

In the MAM plaques cultured for this thesis, the CHX treated plaques had an increased 

percentage dry-weight when compared to the controls and the plaques treated with 

Listerine.  This phenomenon could potentially make it more difficult to remove plaque 

treated with CHX from dental surfaces using mechanical means (tooth-brushing) whereas 

less dense plaques treated with Listerine may be easier to remove.  These observations 

may have public health implications when determining long-term oral health measures for 

patients whose ability to properly cleanse their own teeth is limited, for example, arthritic 

elderly and mentally handicapped children. 

A delay in the observed recoveries of the CHX-treated d3 plaques is also supported by 

other published experimental data (Jenkins et al., 1988; Zaura-Arite et al., 2001).  These 

authors concluded that after initial bacteriocidal action during application, CHX appears to 

be absorbed onto pellicle-coated enamel in the oral cavity, equivalent to being absorbed 

into the plaque matrix where it acts as a similar reservoir in these MAM experiments.  It 

then acts in a bacteriostatic manner to restrict bacterial growth.  Some authors (Hoyle et al., 

1990; Wilson, 1998) have suggested that some antimicrobials may be bound into and 

inactivated by the plaque matrix.  However it appears that in MAM plaques in this study, 

CHX is bound by the plaque matrix and retains either bacteriostatic or bacteriocidal 

activity against the already low numbers of viable cells.  This inhibition was maintained 

until the intra-plaque CHX concentration was reduced to sub-inhibitory levels, most likely 

due to the DMM media flow.   

Each time CHX was applied to microcosm plaques in this study, it bound into the plaque 

matrix and strongly inhibited microbial growth until the CHX washed out to a  level below 

an undefined concentration threshold,  which usually took between three and five days 
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after the cessation of treatment.  In the oral environment, it seems likely that a varnish 

containing high levels of CHX which is slowly released into the developing plaque matrix 

will have a longer lasting effect than topical rinses applied periodically.   

 

8.3.2.3 Effects of Chlorhexidine on Dental Caries 

There have been a number of studies into the effectiveness of CHX applied in a number of 

forms as a putative preventative agent for dental caries.  Its effectiveness was generally 

assessed by the measuring the reduction of S. mutans levels, either in a mouth rinse (e.g. 

Mikkelsen et al., 1981; Wyatt and MacEntee, 2004), a gel (e.g. Keltjens et al., 1992; 

Rozier, 2001) or a varnish (e.g. Forgie et al., 2000; Sandham et al., 1991).  Few if any 

studies have directly compared different CHX applications in a clinical setting.  Autio-

Gold (2008) concluded that the use of CHX containing varnishes resulted in the greatest 

reduction in mutans streptococci compared to gels and then mouth-rinses. 

Many of the studies cited above have concluded there is little value in long term treatment 

with CHX as the reduction in caries rates between the treatment and control groups was 

minimal (Autio-Gold, 2008; Fennis-le et al., 1998; Forgie et al., 2000). These conclusions 

appear to be the result of the relatively short time frame (<2 years) of many of the studies 

and complicated by inconsistent study designs.  Further data from well designed case 

controlled studies using children and adults at high risk of developing caries as test 

subjects is likely to clarify the findings from these studies.     

From the results presented in this thesis, along with the theories behind the ecological 

plaque and eco-microbial hypotheses (see below), CHX treatment alone is unlikely to 

reduce the disease potential of plaque, particularly once treatment has ceased.  By simply 

suppressing plaque growth and not encouraging changes in the species composition toward 

a more health-compatible state, the disease potential of the plaque will remain unchanged 

in patients already exhibiting significant levels of dental disease.  In patients exhibiting 

high levels of dental disease, particularly dental caries, CHX treatment will suppress 

microbial growth while treatment occurs, but the plaque species composition and 

cariogenic potential will remain largely unchanged.  A similar cariogenic state will re-

emerge once treatment has ceased and the disease will continue to progress. 
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8.3.3 Listerine Treatment Induced Changes 

The mode of action of the active ingredients in Listerine has not been established (Adams 

and Addy, 1994) although there is strong evidence supporting the clinical use and 

effectiveness of Listerine as a dentifrice (e.g. Ross et al., 1989; Sreenivasan and Gaffar, 

2002 ; Walker, 1988).  Little research has been undertaken into the effect it has on the 

structure and species composition of dental plaque.  This is possibly because this product 

is a mixture of several active ingredients, and the reductionist approaches have tended to 

preclude in vitro studies of complex mixtures of reagents.   

Listerine did not appear to have the immediate total inhibitory effect on biofilm growth 

exhibited by CHX.   The plaques treated from d3 with this agent in this study either slowly 

gained wet-weight, stabilised or lost biomass.  The dry weight percentages of the Listerine 

treated plaques decreased during treatment, with more fluid retained within the plaque 

matrix.  It is possible that the methyl salicylate, with a net negative charge may interact 

ionically with the EPS layers but in an opposite manner to CHX.  Rather than collapsing 

the plaque matrix, it may force the EPS molecules further apart and increase the amount of 

inter-molecular space between them.  This would allow more water to enter into and 

remain within the plaque matrix.  Alternatively, the biofilm may have increased production 

of the EPS layers as a defence mechanism against Listerine treatment.  At present it is 

unclear which of these explanations is most likely, but it is entirely possible that a 

combination of these explanations is occurring.  The active ingredients of Listerine did not 

appear to bind into and be retained by the plaque matrix to the same extent as CHX, as 

Listerine treated plaques generally recovered quickly once treatment stopped with growth 

rate accelerating in the d3 plaques within one to two days of treatment ceasing. 

 

8.3.4 Donor Related Species Changes 

When the initial CKB results from MAM34A and MAM34C, with different saliva donors, 

were compared it was evident that the microcosm plaques treated with the same treatment 

agents responded differently.  These differences could not be attributed to the normal 

stochastic variation observed in these experiments.  After the results for MAM50 were 

included in the analysis, these variations could be partly attributed to the donor used to 

provide the plaque enriched saliva for the original inoculum.  One major difference, 

highlighted in Fig. 7.3, is the variation in the Anaerobes I group in the controls.  In 
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MAM34A and MAM50, this group is approximately 15 to 20% of plaque composition at 

both time points assayed, while in MAM34C it is 40%.  Other groups behaved in a similar 

fashion, changing with treatment according to the saliva donor used. 

The relationship between inoculum donor and the plaque response to anti-microbial 

treatment has been further explored in this laboratory by Filoche et al. (2008) who showed 

a significant donor response to treatment.  This response may have been at least partially 

influenced by the initial species composition of the saliva inoculum, as the responses were 

grouped based on the levels of caries or periodontal pathogens in the inocula.  These 

authors agreed that this observation needed further study with a larger number of 

participants in order to clarify the relationship between the initial plaque species 

composition and its response to anti-microbial treatment.  Comparable results were 

obtained in a clinical periodontitis trial where treatment outcomes were not always 

consistent between patients, with variations in these outcomes attributed to variations in 

individual patient oral microflora (Teles et al., 2006). 

The overall variation between replicate plaques in a single experiment in the MAM have 

been shown to be sufficiently low to allow the study of anti-microbial treatments (Sissons 

et al., 1995).  This study supports this premise, although precautions must be taken when 

comparing the effects of anti-microbial treatments on dental plaque microcosms across 

multiple experiments.  As has been shown in this thesis, microcosm plaques inoculated 

using plaque enriched saliva from the same donor do not always grow at the same rates 

although the overall species compositions are similar.  The effect of a treatment agent on 

the plaques is dependent on the initial species composition, which is dependant on the 

saliva donor used. 

 

8.3.5 Comparisons of Plaque Species Changes in d0 and d3 Plaques 

In the initial artificial mouth experiment in this thesis, microcosm plaques were allowed to 

become well established with three days of undisturbed growth before treatment 

commenced.  Although a number of the treatment agents significantly suppressed plaque 

growth rates, few significant changes in plaque species composition were detected, 

particularly among the functional species groups in these plaques.  It was hypothesised that 

treating plaques before the biofilm became established and was able to properly self-

organise would enable significant changes in plaque species or functional group 
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composition.  In the second and third artificial mouth experiments, this hypothesis was 

tested by treating plaques within eight hours of inoculation (d0 plaques).  The results from 

these experiments confirmed this hypothesis as more changes were detected in the d0 

plaques than the d3 plaques, with the functional groups in the Listerine d0 plaques from 

MAM50 showing particularly high levels of variation compared to both the controls and 

the Listerine d3 plaques from this experiment.  A follow up experiment where the initial 

treatment for a series of plaques is applied at different times during growth would further 

test these hypotheses.  This would determine the age of the biofilm where resistance to 

change becomes well established as studies suggest that biofilms are more susceptible to 

antimicrobial treatment within the first 24 to 48 hours after establishment (Wolcott et al., 

2010).  It is proposed here that the resistance to change would initially be low, and would 

increase at a steady rate for a period before levelling off, described by an x = y
n
 equation, 

as depicted in Fig. 8.1.  The point at which the resistance to change becomes sufficiently 

significant to restrict species changes in a biofilm is likely to be related to both the initial 

species composition (donor effect) and also to the treatment agent applied.  Investigating 

this further may have implications on the selection of appropriate treatment agents in 

clinical practice, as agents that are more able to effect changes on mature biofilms are 

possibly more useful in this setting.  This is discussed further in the following sections. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 8.1.  Hypothetical curve of biofilm resistance to changes in species composition.  The X-axis 
indicates time from inoculation (arbitrary scale).  An arbitrary scale on the Y-axis indicates resistance to 
change in the biofilm species composition. 
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8.4 Eco-Microbials and the Ecological Plaque Hypothesis 

The concept of eco-microbials (Sissons et al., 2008; 2010) is a recent development, 

emerging from the research undertaken in this laboratory.  It proposed the concept that 

ecomicrobials can reduce the pathogenic potential of the biofilm during treatment by 

modifying microbial community integration mechanisms rather than just by killing the 

bacteria.  Once the treatment of any plaque has ceased, the pathogenic potential changes as 

the biological activity of the biofilm increases.  Homeostasis tends to return the pathogenic 

potential of the plaque to the level it was before treatment (Fig. 8.2).   

Ecomicrobials do not tend to greatly alter the viable composition of the plaque during 

treatment when compared to a strong biocidal agent such as CHX.  However they reset the 

complex community integration mechanisms in a more permanent way than the extensive 

plaque kill mechanisms of CHX or similar treatments allow.  For a positive ecomicrobial, 

the pathogenic potential of the plaque remains decreased after treatment ceases, while for a 

negative ecomicrobial the pathogenic potential increases again once treatment has ceased.  

As has been demonstrated by the results presented in this thesis, the pathogenic potential 

of the biofilm can actually increase after treatment with strong antiplaque agents.  This 

supports the hypothesis that communities reformed after extensive biofilm destruction may 

be more pathogenic than if they were left untreated. 

 

 

 

 

 

 

 

 

 

 

 

Figure 8.2 The ecomicrobial hypothesis.  A treatment or environmental insult is likely to temporarily 
reduce the pathogenicity of the microbial community, primarily by a reduction in the community 
growth rate.  Once treatment ceases, the pathogenicity of the biofilm may change in a way that 
reflects the original species composition of the community, the treatment agent used, any changes it 
effects within the community, and any other host or environmental factors that may affect microbial 
growth or fitness. 
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The ecomicrobial effect may have the following mechanism.  Treatments that slow growth 

but continue to allow modest changes in the plaque species composition also allow 

changes in community inter-relationships as this slow growth occurs.  Once treatment has 

ceased, these community changes, interacting with the original environment, are likely to 

become permanent with intact functioning communities.  Depending on the exact nature of 

these changes, they may move the plaque toward a more health-compatible state, although 

the direction of change (positive or negative) will need to be verified experimentally.  In a 

biofilm where growth was totally suppressed, the species composition after treatment is 

likely to closely match that of the biofilm prior to treatment while maintaining a similar 

disease potential. 

The findings in this thesis, particularly the functional species groupings strongly support 

this hypothesis.  The species composition of the d3 plaques remain less affected by 

treatment than the d0 plaques.  The plaques that contain the greatest number of significant 

changes at the end of the treatment periods are the Listerine d0 plaques (MAM34C and 

MAM50).  The Listerine d3 plaques were also the most different from the controls at the 

end of the experiment, both in overall composition (MAM34A and MAM34C) and in the 

number of significant changes in composition (MAM34A and MAM50).  These results 

strengthen the ecomicrobial hypothesis by suggesting that less strong treatments promote 

greater, potentially more stable changes in biofilm communities, while the species 

composition of plaques treated with strong antimicrobials tend to invoke greater stochastic 

variations within the biofilm including a potentially more pathogenic composition. 

The ecological plaque hypothesis broadly states that a long term change in the plaque 

environment will trigger changes in the species composition of the plaque, which in the 

case of dental plaque will in turn result in a move toward either dental health or disease.  

Combined with the ecomicrobial hypothesis explored in this laboratory, it should be 

feasible to use ecomicrobial agents to assist in making desirable changes in the plaque 

microbiota.  In a patient with poor oral health, improved lifestyle and oral health measures 

along with the selection of an appropriate treatment agent may encourage a movement in 

the plaque species composition toward oral health.  The selection of an appropriate 

treatment agent will depend on the initial person-specific plaque species composition and 

the desired direction of change, either from a cariogenic state or from a periodontally 

active plaque toward a health compatible plaque. 



Chapter 8 General Discussion and Conclusions 177 

 

This work has indicated that microcosm plaques inoculated from the same donor and 

treated with different antimicrobials are likely to diverge in respect to their species 

composition.  Depending on the treatment agent used, attempting changes in the plaque to 

promote a more health compatible state may be frustrating.  Even though dietary and 

lifestyle changes may encourage a health compatible state, species composition could be 

arrested in the previous disease-promoting state and be unable to evolve toward a health-

compatible state due to the severity of the treatment.   

The Listerine treated plaques in this study, particularly the d0 plaques tended to show a 

reduction in the cariogenic species groups at the conclusion of the experiment, although 

not necessarily at the end of the treatment phase.  Few, if any changes were noted in the 

levels of periodontally important species groups in the Listerine-treated plaques.  

Extrapolating these results, it is feasible for some people that treatment with Listerine, 

along with concurrent dietary and lifestyle changes may encourage an overall shift in the 

species composition of a cariogenic plaque to one more compatible with health.   

It is also possible that other treatment agents could be discovered that would encourage 

reductions in periodontally important species and these could be used as a tool to alter 

plaque species composition in patients with gingivitis or periodontitis.  In this way, 

antimicrobial treatments could be more targeted to the patient’s particular species and the 

disease state encountered, rather than the current “one-size-fits-all” approach that simply 

suppresses plaque growth without altering the underlying microbial factors that prompted 

the disease state.  As has been noted in this study and further investigated in other work 

within this laboratory (Filoche et al., 2008), microcosms grown from independent saliva 

donors show different species responses to the same treatment agent.  More work is 

required to investigate the plaque species changes seen in response to antimicrobial 

applications before conclusive statements can be made about the scope or disease-related 

direction of changes in plaque species composition. 

 

8.5 Intrinsic Plaque to Plaque Variation in the MAM  

Stochastic variation in microcosm plaques developed in the Artificial Mouth causes 

differences in plaques treated otherwise identically (Sissons et al., 1995).  An example 

from this study is in the growth curves from MAM50 where pairs of plaques were treated 

with the same treatment agent (Fig. 6.3).  The intra-pair growth rates were different for the 
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Listerine d3 plaques throughout the experiment and for the recovery rates of the CHX d0 

and d3 and the Listerine d0 plaques.  In all three of these pairs, one plaque either recovered 

more quickly after treatment ceased than the other with both plaques growing at a similar 

rate when recovery started (e.g. CHX d0 plaques), or both started growing from the same 

time point, but one out-grew the other (Listerine d0 plaques).  In the case of the CHX d3 

plaques, both of these situations occurred, with one plaque slower to recover after 

treatment ceased and also growing at a slower rate once it began recovering.  The effects 

of stochastic variation should not be overlooked when analysing data and forming 

conclusions from microcosm studies.  In the artificial mouth and similar microcosm or 

consortia-based systems, biological replicates are probably more important than technical 

replicates in determining the outcome of specific treatment agents because of interplaque 

variation.  For CKB analysis of microcosm plaques, it would be valuable to analyse two 

samples from three independent plaques rather than six samples from a single plaque.  This 

is particularly valid when analysing well-dispersed suspension samples that are a 

substantial proportion of the whole plaque.  For spot samples such as those taken in 

MAM50 during treatment, it may be appropriate to design a sampling regime that takes 

advantage of the radial symmetry of the plaques and collects samples whose positions 

radiate from the centre of the plaque and from opposite sides of the plaque, for example as 

depicted in Fig. 8.3.  This would provide an increased analysis of the radial heterogeneity 

of the plaque microcosm while confirming the radial symmetry seen previously (Sissons, 

unpublished). 
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Figure 8.3 Enhanced checkerboard sampling regime.  By taking three samples from each side of a line 
radiating from the centre of the plaque, a more representative sample collection is likely to result.  
Samples taken in this manner are likely to account for any differences in species composition due to 
the distance from the plaque centre.   



Chapter 8 General Discussion and Conclusions 179 

 

8.6 Changes in Plaque Architecture as a Result of Antimicrobial 

Treatment. 

Generally, plaques that were treated with the same treatment agents in the different 

experiments had similar appearances at the same time points.  The plaques treated from d3 

with Plax in MAM34A and in MAM34C both had biomass cleared from the centre of the 

biofilm at the end of treatment.  This cleared area was overgrown again by the end of the 

experiment in both cases.  The biofilm of the plaques treated with CHX (or Savacol) from 

d3 all shrank down onto the coverslip with a brown coloration pervading the plaques 

during treatment.  The Savacol treated plaques also stained with the green dye from the 

formulation, with this slowly washing out during regrowth.  The green colour was not 

entirely cleared from the d3 plaques in either MAM34A or MAM34C.  Appearances of the 

CHX-treated plaques during the recovery phase were generally similar between 

experiments with variation in the growth rates, as discussed previously.  The overall 

appearances of the plaques treated with Listerine were also consistent between 

experiments.  The plaques developed the brown colour of the formulation which was 

generally cleared during the regrowth phase of the experiment.  This colour cleared faster 

from the smaller d0 plaques than the d3 plaques. 

Overall, the gross appearances of the plaques were the most consistently similar of the 

physical, biochemical or compositional features between the three experiments.  There 

appeared to be little if any donor effect on the appearances and any changes in the plaque 

morphology could be grouped according to the treatment agent applied. 
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8.7 Future Directions 

To follow up on observations from this study, a number of experiments could be 

undertaken which would further expand our knowledge of biofilms in general and dental 

plaque-induced diseases in particular.  In the proposals below, the experiments focus on 

finding answers to specific questions raised in this thesis, and to explore more fundamental 

questions relating to plaque biofilm ecology and species composition during and after 

antimicrobial treatment. 

 

8.7.1 Plaque Viability and Metabolic Activity  

It would be valuable to compare the metabolic rates of microcosm plaques treated with 

different treatment agents, particularly Listerine and CHX, and to compare the metabolic 

rates with changes in species composition and growth data from the same experiment.  

These findings could be used to further explore the hypotheses and conclusions presented 

in this thesis. 

Strong antimicrobials such as CHX arrest plaque growth shortly after application, while 

formulations such as Listerine tend to be less suppressive of plaque growth rates.  During 

the treatment phase of the experiments, growth rates of microcosm plaques treated with 

CHX were static, and it appeared that plaque metabolism was extremely slow at these 

times.  To confirm this in future experiments, metabolic activity of the plaques could be 

analysed, either at the end of the treatment phase, or preferably immediately before and 

after the initial treatment and at several points during the treatment phase.  A number of 

approaches could be utilized, including an assay for ATP levels (ATP Bioluminescence 

Assay Kit CLS II, Roche Molecular Biochemicals; ENLITEN
®
 ATP Assay System, 

Promega) or a similar assay such as the RedoxSensor CTC Vitality kits (Molecular Probes) 

as a measure of biofilm metabolic activity.  Alternatively, a qPCR based assay targeting 

specific bacterial mRNA transcripts such as recA, rpoD or ldhD could be utilized to assay 

RNA transcription levels in the plaque (Savli et al., 2003).  These assays would show any 

concordance between plaque metabolic activity during treatment and the amount of change 

in plaque species composition, and would confirm or refute the ecomicrobial hypothesis, 

as it is hypothesised that plaques having higher metabolic activity during treatment will be 

more likely to undergo changes in species composition as a result of treatment. 
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8.7.2 Donor-Specific Species Changes and Personalised Therapies 

It is apparent that some of the species composition changes and differences noted in the 

three MAM experiments presented in this thesis are a result of using two donor subjects.  

This observation has been strengthened by subsequent work in this laboratory (Filoche et 

al., 2008) where donor specific changes in plaque species composition were noted after 

treatment with Listerine.  This observation has implications in clinical practice as it has 

been shown that different patients presenting with the same or similar disease states may 

respond differently to the same treatment regime, particularly with respect to any changes 

in species composition.  This response certainly appeared to be determined by the species 

(or even clone) specific profile of the starting population (Teles et al., 2006).  To extend 

the data from these authors and to clarify and differentiate species profiles that may 

indicate the likely success or failure of a clinical treatment regime, patients presenting with 

periodontitis or active caries could be sampled for CKB analysis supra- and sub-gingivally 

for each tooth and from the tongue before being randomly assigned to one of a number of 

treatment or control groups.  Each treatment and control group would undergo the same 

best-practise care for the disease present (restoration in the case of caries, and scaling and 

root planing for those suffering from periodontal disease) to restore the physical 

environment to a healthy state as much as possible.  The control group would be given a 

placebo mouthrinse to use while the treatment groups would be provided with commercial 

products such as Savacol, Plax or Listerine or possibly new experimental formulations if 

available.  Each participant would use the assigned mouthwash or control product as part 

of their normal oral health procedures and would be monitored regularly and assessed for 

their microbial profile as well as changes in their disease state and any other relevant 

health or life-style changes.  Once sufficient numbers of participants have been assessed, it 

may be possible to make correlations between a participant’s initial oral microbial profile 

and success or otherwise of the treatment regime used.  Extending these results to the 

wider community may allow a more personalised treatment regime to be designed based 

on a participant’s initial disease state and microbial profile.  Treatments would be selected 

based on parameters shown to have a high likelihood of the oral microflora changing to a 

health-compatible state promoting the successful treatment of the disease and a return to 

oral health. 
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8.7.3 Chlorhexidine Varnish, Gels and Mouthrinse 

As described above, a number of clinical studies have examined the effectiveness of CHX 

as an anti-caries agent with mixed results.  In review, Autio-Gold (2008) concluded that 

CHX varnishes were more effective at suppressing S. mutans growth, followed by gels 

then mouthrinses, although a reduction in S. mutans levels in the mouth did not correlate 

with a reduction in dental caries.  This author concluded that evidence supporting the use 

of CHX mouthrinse as a caries preventative measure was equivocal. 

The following study could be designed to provide an in vitro baseline for determining the 

effectiveness of CHX in suppressing plaque growth and determining the potential of this 

treatment agent in encouraging the species composition of dental plaque to move toward 

one that is compatible with good oral health.  Microcosms would be grown on coverslips 

coated with a CHX varnish prior to inoculation and compared to microcosms treated with 

periodic CHX applications from shortly after inoculation as for the d0 plaques in this study.  

As it is likely that the initial inoculum will be killed on contact with the CHX varnish, 

combinations of coverslips ¼, ½ or ¾ covered in the varnish (Fig. 8.4) would provide a re-

inoculation potential similar to that observed in the oral cavity.  It would also be more 

realistic to trial a range of CHX applications on the plaques receiving a CHX rinse, with 

variations in both CHX concentration and in the frequency of application, to more closely 

mimic conditions in vivo. 

 

 

 

 

 

 

 

 

The in vitro study proposed here could be extended to combinations of treatment agents, 

for example CHX varnish combined with topical applications of Listerine to investigate 

possible synergistic effects.  The findings from these microcosm systems using whole 

Figure 8.4  Coverslip schematic for “re-inoculation” experiments.  Chlorhexidine varnish applied to 
the outside of the coverslip is likely to kill the microbes on contact during inoculation before a biofilm 
has a chance to form.  The clear centre of the coverslip allows for the establishment of a viable biofilm 
and would serve as a continuous reservoir for the re-inoculation of the chlorhexidine treated area. 

Chlorhexidine varnish 

area Unvarnished 

area 

Coverslip 

substrate 
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plaque-enriched saliva as the inoculum are a model system only, and any changes, 

particularly in microbial species composition may be more dependant on the donor used 

than a function of the treatment agent.  
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8.8 Progress in Testing the Proposed Hypotheses Relating to 

Plaque Species Changes as a Response to Antimicrobial 

Treatment 

The hypotheses relating to the effects of applying commercial mouthrinses to oral 

microbial biofilms in this thesis were: 

(i) Functional replacement, where antimicrobial treatment suppresses the existing 

pathogens, but allows the emergence of another set of bacteria with equivalent 

functional properties (e.g. cariogenic potential). 

(ii) Functional shift, where the species balance of the plaque is altered to either reduce 

or enhance the pathogenic properties of the plaque.  This is likely to occur by 

altering the proportions of pathogenic and commensal microbes. 

 (iii) Reinfection from sources external to the plaque (von Troil-Linden et al., 1996).  This 

possibility was not examined in these experiments. 

Very few significant changes in species composition were observed in plaques treated with 

strong antimicrobials, such as CHX, from d3.  The findings for these treatments support 

the first hypothesis of simple perturbation, and are consistent with other observations made 

of these plaques.  The growth rates of these plaques treated with strong antimicrobials 

(Triclosan (Plax) and CHX (Savacol)) were arrested during treatment.  It was doubtful that 

significant metabolic activity and microbial growth was occurring in the plaque, 

considerably reducing the opportunity for species change during treatment. 

Treating plaques with CHX and triclosan from shortly after inoculation (d0) resulted in 

similar, limited changes in species composition.  Similarly the growth rates and most likely 

metabolic activity of these plaques were highly suppressed, limiting changes in species 

composition. 

The application of less strong biocides such as Listerine or OralB yielded findings that 

were more equivocal, and largely dependent on the treatment agent used.  OralB had very 

little effect on either the growth rate or the species composition of the plaque.  With these 

results, simple perturbation is the most appropriate hypothesis of those mooted, although a 

“no effect” hypothesis would be equally valid.  On the other hand, plaques treated with 

Listerine, particularly from d0, were the most likely to have significant shifts in the species 

composition.  These changes appeared to be a “functional shift” (hypothesis iii) rather than 

a “functional replacement” (hypothesis ii).  The proportions of the functional groups 
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within the plaques altered, suggesting that the disease causing potential of the plaques had 

changed as a result of treatment.  The functional replacement hypothesis would be 

indicated by little or no change in the proportion of each functional group within the 

plaque but there would be significant changes within one or more of the functional groups.  

Similar results were obtained by Haffajee et al. (2009b) who trialled four mouthwash 

formulations (two herbal, one essential oil based and one containing CHX) in periodontitis 

maintenance patients.  The plaque microbiota, assessed by CKB DNA:DNA hybridisation, 

changed over time in a treatment-dependant manner, with Streptococcus and 

Capnocytophaga species decreasing most in the herbal mouthwash treated subjects, 

Veillonella parvula reduced most in the essential oil and CHX groups with Actinomyces 

species also markedly reduced in the CHX group.  There was also some patient to patient 

variation in the response to the individual mouthwashes. 

Reductions in microbial diversity were not seen in any of the experiments in this study.  

Other studies within this laboratory have shown significant reductions in microbial 

diversity within microcosm plaques.  This has been particularly noted during periods of 

plaque acidification induced by the application of sucrose (Sissons et al, 2007; Sissons, 

unpublished).  Cariogenic species tended to dominate these plaques with a concurrent 

decrease, often to undetectable levels, in many of the species implicated in periodontitis.   

Overall, the most applicable hypothesis relating to species changes in treated plaques was 

dependent on the treatment agent applied.  The timing of the initial application also had a 

minor role in this determination. 
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8.9 Progress Toward Achieving Aims  

Substantial progress was made towards the overall objective of this study:  to increase our 

understanding of the compositional changes in dental plaque biofilms during and after the 

application of antimicrobial agents.   

 

8.9.1 Aim 1. To Develop, Validate and Optimise Checkerboard DNA:DNA 

Hybridisation Technology to Identify and Quantify Key Dental Plaque 

Species Present in Both In Vivo Plaque and In Vitro Microcosm  Plaques 

Cultured in a Model Artificial Mouth. 

A caries-focussed checkerboard DNA:DNA hybridization probe panel was successfully 

developed and optimized during the course of this study as described in Chapter 3. 

 

8.9.1.1 Species Specific Probe Preparation: 

DNA extraction techniques were trialled, adapted and improved for use with the oral 

microbes used in this study.  Due to the technical challenges involved in extracting 

genomic DNA of sufficient purity from many of these species, a number of DNA quality 

parameters were implemented to serve as quality control indicators. Work in this 

laboratory had identified DNA quality as a key indicator for the production of high quality, 

species specific probes (Wall-Manning et al., 2002). 

 

8.9.1.2 Plaque Sampling Techniques: 

CKB sampling regimes were improved throughout the course of this study.  Microcosm 

plaques were sampled using one of three following techniques developed during the course 

of this study.   

1. Spot samples were collected using dental excavators with minimal disturbance to 

the plaque sampled but limited by the structural heterogeneity of the plaque 

requiring multiple location-specific samples (as proposed in Fig 8.3). 

2. A wedge sampling technique was that yielded a representative sample from the 

plaque due to the radial symmetry of the MAM microcosms and used in the 

chlorhexidine-binding experiment.  This had a slightly higher impact on the plaque 
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structure but Suspension samples were usually obtained at the end of the treatment 

phase for d3-treated plaques and at the conclusion of an experiment for all plaques.  

These were the most representative samples but were also the most destructive on 

plaque structure. 

3. Plaque in the oral cavity in vivo on tooth surfaces and in embrasures was sampled 

using a micro-brush system. This was used in the Aim 2 clinical trial studying the 

microbiota relationships to dental caries in young children.   This system provided 

a fear- and pain-free plaque sampling system for collecting plaque from even 

young children.   

 

8.9.1.3 Optimisation of the Checkerboard DNA:DNA Hybridisation System 

This required the extensive experiments summarized in Chapter 3. A number of pre-

hybridization and hybridization buffer conditions were trialled.  Adjustments were made in 

key components that successfully minimised background signals from the membrane and 

cross reaction between closely related species. 

Changes in the hybridization buffers coupled with optimisations in DNA extraction also 

yielded higher quality probes which provided improvements in several key steps on the 

CKB process.  Overall, this resulted in significant improvements in the specificity of the 

CKB system. 

 

8.9.2 Aim 2. To Confirm the Suitability of this Methodology for Quantifying 

Putative Caries Pathogens in a Pilot Clinical Study of Caries in School 

Children. 

A small clinical study confirmed the suitability of the CKB system for enumerating 

potential caries pathogens in dental plaque (Chapter 3.2) and a number of caries- and site-

specific compositional differences were shown.  Samples from high-caries children 

compared to caries free children contained high levels of Candida albicans and 

Lactobacillus fermentum at specific oral sites (especially upper anteriors) and also 

Corynebacterium matruchotii, Leptotricia buccalis and Eubacterium saburreum, species 

not normally associated with caries.  Bacteria negatively associated with caries included 

Streptococcus gordonii and most anaerobes but also Streptococcus mutans and 
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Lactobacillus acidophilus.  There appears to be a complex site-specific bacterial 

relationship to dental caries. 

 

8.9.3 Aim 3. To Investigate Changes in Plaque Composition During the 

Treatment and Recovery Phases of Experiments with Key Oral 

Antimicrobials 

Substantial developments regarding the effects of antimicrobial treatments on plaque 

growth and appearance, species changes and physiological effects  are described in 

Chapters 4 to 6 and compared in chapter 7.   

Suppression of plaque growth was dependant on the biocide examined.  OralB had very 

little effect on either the growth or the species composition of a preformed plaque 

(MAM34A) and was not studied further.  Chlorhexidine (present in Savacol) and triclosan 

(Plax) reduced growth to almost zero.  Listerine, however, allowed some plaque growth to 

occur. Plaques treated from earlier in the experiment (d0) showed greater changes in 

species composition than those treated later (d3 plaques).  Effects on enzyme activity and 

Biolog profiles in the plaques were still apparent even after 15 days of recovery (MAM50).   

Very few significant changes in CKB species composition were observed in plaques 

treated with the strong antimicrobials (triclosan (Plax) and CHX (Savacol)) from d3.  It 

was doubtful that significant metabolic activity and microbial growth was occurring in the 

plaque, considerably reducing the opportunity for species change during treatment. The 

lack of observed change in the checkerboard pattern was affected by the background of 

dead or inactive cells that would still be measured by a DNA-based technique such as 

checkerboard analysis. Treating plaques with chlorhexidine and triclosan from shortly after 

inoculation (d0) resulted in similar, limited changes in species composition during 

treatment.   

The application of the less devastating biocide Listerine yielded findings that were less 

clear cut. Plaques treated with Listerine, particularly from d0, were the most likely to have 

significant shifts in the species composition.   

Finding divergent responses in biofilm species composition as a result of treatment when 

different saliva donors provided the inocula for the microcosm plaques supports the 
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concept of person-specific microbiota responses to antimicrobials that was found in 

microplate microcosms (Filoche et al., 2008).   

Of particular significance was the variation seen in changes in plaque species composition 

after the recovery period.  Although the plaque species composition at the end of the 

treatment was very similar to the controls after CHX in particular or Triclosan application, 

especially to d3 plaques, it had generally diverged substantially by the end of the recovery 

period.  Conversely, Listerine-treated plaques tended to be more divergent at the end of 

treatment compared to the controls but more similar at the end of the recovery phase.  

These findings support the Ecomicrobial Hypothesis (Sissons et al., 2008; 2010) proposed 

in this laboratory. 

Similar results were obtained by Haffajee et al. (2009) using CKB analysis.  These authors 

trialled four mouthwash formulations (two herbal, one essential oil based and one 

containing chlorhexidine) in periodontitis maintenance patients.  The plaque microbiota 

changed over time in a treatment-dependant manner, with Streptococcus and 

Capnocytophaga species decreasing most in the herbal mouthwash treated subjects, 

Veillonella parvula reduced most in the essential oil and chlorhexidine groups with 

Actinomyces species also markedly reduced in the chlorhexidine group.  They also found 

patient to patient variation in the response to the individual mouthwashes. 

Reductions in microbial diversity as measured by CKB hybridisation were not seen in any 

of the experiments in this study with all CKB-probed species still being present.  Using the 

same CKB panel, other studies within this laboratory have shown significant reductions in 

microbial diversity within microcosm plaques during periods of plaque acidification 

induced by sucrose pulses (Sissons et al, 2007; Sissons, unpublished).  Cariogenic species 

tended to dominate extremely acidic plaques with a concurrent decrease, often to 

undetectable levels, in many of the species implicated in periodontitis.   

 

8.9.4 Aim 4. Progress in Testing Hypotheses Relating to Likely Changes in 

Species Composition due to the Application of Antiplaque/ Antibacterial 

Agents to Plaque Microcosm Biofilms 

The microbiota changes in response to antimicrobials, as mentioned above, are consistent 

with and support the concept of the ‘ecological plaque hypothesis’ regarding the potential 

etiological significance of antimicrobial shifts in the microbiota. 
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The differences between CHX and Listerine effects during treatment and regrowth support 

the ‘ecomicrobial hypothesis’ subsequently developed in part as a result of these 

experiments.  This suggests that destructive, strong antimicrobials are so disruptive to 

plaque development that wide differences in plaque composition can result after re-

establishing plaque communities that can be potentially more pathogenic.   

The changes in plaque composition following antimicrobial treatment appear to be due to a 

“functional shift” (Hypothesis ii) rather than a “functional replacement” (Hypothesis i).  

The proportions of the functional groups within the plaques altered, suggesting that the 

disease causing potential of the plaques had changed as a result of treatment.  The 

functional replacement hypothesis would be indicated by little or no change in the 

proportion of each functional group within the plaque but there would be significant 

changes within one or more of the functional groups.   

The less disruptive essential oils in Listerine compared to chlorhexidine seem to reduce the 

variation in outcome following regrowth after treatment stops, and provide a potential for 

more effective control of plaque pathogenicity.  
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8.10 Overall Conclusions 

Dental diseases are the result of a complex set of interactions between (and within) the 

resident microbial community and the localized physical environment.  Changes in the 

microbial community in response to external stimuli or biofilm growth can lead to changes 

in the local physical environment, which can then cause further change in the biofilm 

community, leading to further changes in the physical environment, and finally to disease 

progression (Marsh, 2003; 2006).  This process is illustrated by Socransky et al. (1998) 

when describing the species groups involved in the onset and progression of periodontal 

disease. 

Until recently, the microbial species composition of complex community biofilms such as 

dental plaque has been technically difficult to assess in a timely and efficient manner.  

Molecular biology techniques, including PCR based assays (T-RFLP, DGGE, qPCR), 

CKB hybridisation and microarray technology and next generation sequencing have 

allowed researchers to elucidate the species composition of complex biofilms more 

efficiently, with each technique having its own advantages and limitations.  This thesis has 

described the development and further optimisation of CKB hybridisation within this 

laboratory and its application in determining species compositions of natural and 

microcosm dental plaques cultured in the artificial mouth.  This technique is readily 

applicable to multi-disciplinary studies into the ecology of dental biofilms and the diseases 

they can cause.   

Composition changes in these microcosm plaques during and after treatment with 

commercial mouthwash formulations were of particular interest.  Physiological 

observations were also investigated.  It was concluded that species composition changes 

did not necessarily reflect changes in plaque physiology (cf. MAM50 Listerine treated 

plaques). DNA hybridization signals may be present even though the plaque may have 

limited metabolic activity (cf. MAM50 CHX d3 plaques).  Follow up experiments to 

further investigate these observations both in vitro and in vivo have been proposed. 

Species composition analysed by CKB hybridisation of established dental plaque 

microcosms changed very little on the application of anti-plaque agents.  Growth was 

frequently suppressed during treatment and resumed once application of the treatments 

ceased.  Treating plaques before they have become well established (d0 plaques in this 

thesis) resulted in species changes in a treatment and inoculum donor dependant manner.  
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Fewer species changes were noted when strong agents, such as CHX, were applied.  

Applying a less strong antimicrobial formulation, such as Listerine generally resulted in a 

greater number of species and functional group changes.  These observations have led to 

the development of the ecomicrobial hypothesis by researchers in this laboratory.  The 

response of the microbial community to these applications varied from a massive 

perturbation in plaques treated with strong biocides to a response featuring perturbation 

and a likely functional replacement of affected species in the Listerine treated microcosms.  

The Ecomicrobial approach offers an opportunity to provide a more tailored and 

personalised treatment regime to control dental caries and periodontitis as patients may 

respond in an individual manner to treatment based on their specific oral microbial profile 

(Haffajee et al., 2009).  These observations are worthy of future investigation. 



  193 

 

References 

Aas, J. A., Paster, B. J., Stokes, L. N., Olsen, I. and Dewhirst, F. E. (2005). "Defining the normal 

bacterial flora of the oral cavity." J Clin Microbiol 43: 5721-32. 

Aas, J. A., Griffen, A. L., Dardis, S. R., Lee, A. M., Olsen, I., Dewhirst, F. E., Leys, E. J. and 

Paster, B. J. (2008). "Bacteria of dental caries in primary and permanent teeth in children 

and young adults." J Clin Microbiol 46: 1407-17. 

Acinas, S. G., Sarma-Rupavtarm, R., Klepac-Ceraj, V. and Polz, M. F. (2005). "PCR-induced 

sequence artifacts and bias: insights from comparison of two 16S rRNA clone libraries 

constructed from the same sample." Appl Environ Microbiol 71: 8966-9. 

Adams, D. and Addy, M. (1994). "Mouthrinses." Adv Dent Res 8: 291-301. 

Aamdal-Scheie, A., Luan, W.-M., Dahlen, G., and Fejerskov, O. (1996). “Plaque pH and 

Microflora of Dental Plaque on Sound and Carious Root Surfaces.” J Dent Res 75: 1901-

1908 

Anderl, J. N., Franklin, M. J. and Stewart, P. S. (2000). "Role of antibiotic penetration limitation in 

Klebsiella pneumoniae biofilm resistance to ampicillin and ciprofloxacin." Antimicrob 

Agents Chemother 44: 1818-24. 

Anderson, S. A., Sissons, C. H., Coleman, M. J. and Wong, L. (2002). "Application of carbon-

source utilisation patterns to measure the metabolic similarity of complex dental plaque 

biofilm microcosms." Appl Environ Microbiol 68: 5779-83. 

Anderson, G. G. and O'Toole, G. A. (2008). "Innate and induced resistance mechanisms of 

bacterial biofilms." Curr Top Microbiol Immunol 322: 85-105. 

Armfield, J. M. (2005). "Public water fluoridation and dental health in New South Wales." Aust N 

Z J Public Health 29: 477-83. 

Asikainen, S. and Chen, C. (1999). "Oral ecology and person-to-person transmission of 

Actinobacillus actinomycetemcomitans and Porphyromonas gingivalis." Periodontol 2000 

20: 65-81. 

Ausubel, F., Brent, R., Kingston, R., Moore, D., Seidman, J., Smith, J. and Struhl, K. (1990). 

“Current Protocols in Molecular Biology.” New York, Greene Publishing Associates and 

Wiley Interscience. 

Autio-Gold, J. (2008). "The role of chlorhexidine in caries prevention." Oper Dent 33: 710-6. 

Bagge, N., Ciofu, O., Skovgaard, L. T. and Hoiby, N. (2000). "Rapid development in vitro and in 

vivo of resistance to ceftazidime in biofilm-growing Pseudomonas aeruginosa due to 

chromosomal beta-lactamase." APMIS 108: 589-600. 

Bailie, R. S., Stevens, M., Armfield, J. M., Ehsani, J. P., Beneforti, M. and Spencer, J. (2009). 

"Association of natural fluoride in community water supplies with dental health of children 

in remote indigenous communities - implications for policy." Aust N Z J Public Health 33: 

205-11. 

Barrett-Bee, K., Newboult, L. and Edwards, S. (1994). "The membrane destabilising action of the 

antibacterial agent chlorhexidine." FEMS Microbiol Lett 119: 249-53. 

Becker, M. R., Paster, B. J., Leys, E. J., Moeschberger, M. L., Kenyon, S. G., Galvin, J. L., Boches, 

S. K., Dewhirst, F. E. and Griffen, A. L. (2002). "Molecular analysis of bacterial species 

associated with childhood caries." J Clin Microbiol 40: 1001-9. 

Beighton, D. (2005). "The complex oral microflora of high-risk individuals and groups and its role 

in the caries process." Community Dent Oral Epidemiol 33: 248-55. 

Beltran-Aguilar, E. D., Barker, L. K., Canto, M. T., Dye, B. A., Gooch, B. F., Griffin, S. O., 

Hyman, J., Jaramillo, F., Kingman, A., Nowjack-Raymer, R., Selwitz, R. H. and Wu, T. 

(2005). "Surveillance for dental caries, dental sealants, tooth retention, edentulism, and 



References  194 

 
enamel fluorosis--United States, 1988-1994 and 1999-2002." MMWR Surveill Summ 54: 1-

43. 

Bigger, J. W. (1944). "Treatment of staphylococcal infections with penicillin." Lancet ii: 497–500. 

Boutibonnes, P., Gillot, B., Auffray, Y. and Thammavongs, B. (1991). "Heat shock induces 

thermotolerance and inhibition of lysis in a lysogenic strain of Lactococcus lactis." Int J 

Food Microbiol 14: 1-9. 

Bowden, G. H., Hardie, J. M. and Fillery, E. D. (1976). "Antigens from Actinomyces species and 

their value in identification." J Dent Res 55: A192-A204. 

Bowden, G. H. (1990). "Microbiology of root surface caries in humans." J Dent Res 69: 1205-10. 

Bowden, G. H. W. (2000). "The microbial ecology of dental caries." Microb Ecol Health Dis 12: 

138-48. 

Bradshaw, D. J., McKee, A. S. and Marsh, P. D. (1989). "Effects of carbohydrate pulses and pH on 

population shifts within oral microbial communities in vitro." J Dent Res 68: 1298-302. 

Bradshaw, D. J., Homer, K. A., Marsh, P. D. and Beighton, D. (1994). "Metabolic cooperation in 

oral microbial communities during growth on mucin." Microbiol 140: 3407-12. 

Brailsford, S. R., Shah, B., Simons, D., Gilbert, S., Clark, D., Ines, I., Adams, S. E., Allison, C. and 

Beighton, D. (2001). "The predominant aciduric microflora of root-caries lesions." J Dent 

Res 80: 1828-33. 

Brander, M. A. and Jousimies-Somer, H. R. (1992). "Evaluation of the RapID ANA II and API 

ZYM systems for identification of Actinomyces species from clinical specimens." J Clin 

Microbiol 30: 3112-6. 

Brodie, E. L., Desantis, T. Z., Joyner, D. C., Baek, S. M., Larsen, J. T., Andersen, G. L., Hazen, T. 

C., Richardson, P. M., Herman, D. J., Tokunaga, T. K., Wan, J. M. and Firestone, M. K. 

(2006). "Application of a high-density oligonucleotide microarray approach to study 

bacterial population dynamics during uranium reduction and reoxidation." Appl Environ 

Microbiol 72: 6288-98. 

Buchinsky, F. J., Forbes, M. L., Hayes, J. D., Shen, K., Ezzo, S., Compliment, J., Hogg, J., Hiller, 

N. L., Hu, F. Z., Post, J. C. and Ehrlich, G. D. (2007). "Virulence phenotypes of low-

passage clinical isolates of nontypeable Haemophilus influenzae assessed using the 

chinchilla laniger model of otitis media." BMC Microbiol 7: 56. 

Burmolle, M., Webb, J. S., Rao, D., Hansen, L. H., Sorensen, S. J. and Kjelleberg, S. (2006). 

"Enhanced biofilm formation and increased resistance to antimicrobial agents and bacterial 

invasion are caused by synergistic interactions in multispecies biofilms." Appl Environ 

Microbiol 72: 3916-23. 

Burne, R. A. and Marquis, R. E. (2000). "Alkali production by oral bacteria and protection against 

dental caries." FEMS Microbiol Lett 193: 1-6. 

Campbell, C. D., Chapman, S. J., Cameron, C. M., Davidson, M. S. and Potts, J. M. (2003). "A 

rapid microtiter plate method to measure carbon dioxide evolved from carbon substrate 

amendments so as to determine the physiological profiles of soil microbial communities by 

using whole soil." Appl Environ Microbiol 69: 3593-9. 

Caufield, P. W., Dasanayake, A. P. and Li, Y. (2001). "The antimicrobial approach to caries 

management." J Dent Educ 65: 1091-5. 

Christensen, B. B., Sternberg, C., Andersen, J. B., Palmer, R. J., Jr., Nielsen, A. T., Givskov, M. 

and Molin, S. (1999). "Molecular tools for study of biofilm physiology." Methods Enzymol 

310: 20-42. 

Church, G. M. and Gilbert, W. (1984). "Genomic Sequencing." Proc Natl Acad Sci USA 81: 1991-

1995. 

Ciofu, O. and Tolker-Nielsen, T. (2011). “Antibiotic Tolerance and Resistance in Biofilms.” In: 

Biofilm Infections. Bjarnsholt, T.et al, Springer New York: 215-29. 



References  195 

 
Colombo, A. P., Boches, S. K., Cotton, S. L., Goodson, J. M., Kent, R., Haffajee, A. D., Socransky, 

S. S., Hasturk, H., Van Dyke, T. E., Dewhirst, F. and Paster, B. J. (2009). "Comparisons of 

subgingival microbial profiles of refractory periodontitis, severe periodontitis, and 

periodontal health using the human oral microbe identification microarray." J Periodontol 

80: 1421-32. 

Corby, P. M., Lyons-Weiler, J., Bretz, W. A., Hart, T. C., Aas, J. A., Boumenna, T., Goss, J., 

Corby, A. L., Junior, H. M., Weyant, R. J. and Paster, B. J. (2005). "Microbial risk 

indicators of early childhood caries." J Clin Microbiol 43: 5753-9. 

Costerton, J. W., Lewandowski, Z., de Beer, D., Caldwell, D. E., Korber, D. R. and James, G. 

(1994). "Biofilms, the customized microniche." J Bacteriol 176: 2137-42. 

Cotter, J. J., O'Gara, J. P. and Casey, E. (2009). "Rapid depletion of dissolved oxygen in 96-well 

microtiter plate Staphylococcus epidermidis biofilm assays promotes biofilm development 

and is influenced by inoculum cell concentration." Biotechnol Bioeng 103: 1042-7. 

Cunha, B. A., D'Elia, A. A., Pawar, N. and Schoch, P. (2010). "Viridans streptococcal 

(Streptococcus intermedius) mitral valve subacute bacterial endocarditis (SBE) in a patient 

with mitral valve prolapse after a dental procedure: the importance of antibiotic 

prophylaxis." Heart Lung 39: 64-72. 

Darveau, R. P., Tanner, A. and Page, R. C. (1997). "The microbial challenge in periodontitis." 

Periodontol 2000 14: 12-32. 

Dawes, C. (2008). "Salivary flow patterns and the health of hard and soft oral tissues." J Am Dent 

Assoc 139 Suppl: 18S-24S. 

de Haan, J. R., Wehrens, R., Bauerschmidt, S., Piek, E., van Schaik, R. C. and Buydens, L. M. 

(2007). "Interpretation of ANOVA models for microarray data using PCA." Bioinformatics 

23: 184-90. 

Demmer, R., Papapanou, P., Jacobs, D. and Desvarieux, M. (2010). Evaluating clinical periodontal 

measures as surrogates for bacterial exposure: The Oral Infections and Vascular Disease 

Epidemiology Study (INVEST). BMC Med Res Methodology 10: 2. 

Dewhirst, F. E., Chen, T., Izard, J., Paster, B. J., Tanner, A. C. R., Yu, W.-H., Lakshmanan, A. and 

Wade, W. G. (2010). The human oral microbiome. J Bacteriol 192: 5002-17. 

Di Murro, C., Paolantonio, M., Pedrazzoli, V., Lopatin, D. E. and Cattabriga, M. (1997). 

"Occurrence of Porphyromonas gingivalis, Bacteroides forsythus, and Treponema 

denticola in periodontally healthy and diseased subjects as determined by an ELISA 

technique." J Periodontol 68: 18-23. 

Dige, I., Raarup, M. K., Nyengaard, J. R., Kilian, M. and Nyvad, B. (2009). "Actinomyces 

naeslundii in initial dental biofilm formation." Microbiol 155: 2116-26. 

Drew, S. W. (1981). “Liquid culture.” In: Manual of Methods for General Bacteriology. Gerhardt, 

P.et al. Washington, DC, American Society for Microbiology: 151-78. 

Eder, J., Rozman, I., Welzer, T., Morzy, T., Wojciechowski, M. and Zakrzewicz, M. (1999). 

“Pattern-Oriented Hierarchical Clustering.” In: Advances in Databases and Information 

Systems, Springer Berlin / Heidelberg. 1691: 179-90. 

Ehrlich, G. D., Hiller, N. L. and Hu, F. Z. (2008). "What makes pathogens pathogenic." In: 

Genome Biol 9: 225. 

Elkins, J. G., Hassett, D. J., Stewart, P. S., Schweizer, H. P. and McDermott, T. R. (1999). 

"Protective role of catalase in Pseudomonas aeruginosa biofilm resistance to hydrogen 

peroxide." Appl Environ Microbiol 65: 4594-600. 

Ellen, R.P., Banting, D.W. and Fillery, E.D. (1985).  “Streptococcus mutans and Lactobacillus 

Detection in the Assessment of Dental Root Surface Caries Risk” J Dent Res 64: 1245-

1249 



References  196 

 
Emilson, C. G. (1994). "Potential efficacy of chlorhexidine against mutans streptococci and human 

dental caries." J Dent Res 73: 682-91. 

Engler-Blum, G., Meier, M., Frank, J. and Muller, G. A. (1993). "Reduction of background 

problems in non-radioactive Northern and Southern blot analyses enables higher sensitivity 

than 
32

P-based hybridizations." Anal Biochem 210: 235-44. 

Fejerskov, O. and EAM, K. (2003). “Clinical cariology and operative dentistry in the twenty-first 

century.” In: Dental Caries: The Disease and its Clinical management. Fejerskov, O. and 

EAM, K. Munksgaard, Blackwell: 3-6. 

Fennis-le, Y. L., Verdonschot, E. H., Burgersdijk, R. C., Konig, K. G. and van 't Hof, M. A. (1998). 

"Effect of 6-monthly applications of chlorhexidine varnish on incidence of occlusal caries 

in permanent molars: a 3-year study." J Dent 26: 233-8. 

Filoche, S. K., Zhu, M. and Wu, C. D. (2004). "In situ biofilm formation by multi-species oral 

bacteria under flowing and anaerobic conditions." J Dent Res 83: 802-6. 

Filoche, S. K., Soma, K. J. and Sissons, C. H. (2007). "Caries-related plaque microcosm biofilms 

developed in microplates." Oral Microbiol Immunol 22: 73-9. 

Filoche, S. K., Soma, D., van Bekkum, M. and Sissons, C. H. (2008). "Plaques from different 

individuals yield different microbiota responses to oral-antiseptic treatment." FEMS 

Immunol Med Microbiol 54: 27-36. 

Filoche, S., Wong, L. and Sissons, C. H. (2010). "Oral biofilms: emerging concepts in microbial 

ecology." J Dent Res 89: 8-18. 

Flemming, H. C., Neu, T. R. and Wozniak, D. J. (2007). "The EPS matrix: the "house of biofilm 

cells"." J Bacteriol 189: 7945-7. 

Forgie, A. H., Paterson, M., Pine, C. M., Pitts, N. and Nugent, Z. J. (2000). "A randomised 

controlled trial of the caries-preventive efficacy of a chlorhexidine-containing varnish in 

high-caries-risk adolescents." Caries Res 34: 432-9. 

Fromin, N., Hamelin, J., Tarnawski, S., Roesti, D., Jourdain-Miserez, N., Forestier, N., Teyssier-

Cuvelle, S., Gillet, F., Aragno, M. and Rossi, P. (2002). "Statistical analysis of denaturing 

gel electrophoresis (DGGE) fingerprinting patterns." Environ Microbiol 4: 634-43. 

Fux, C. A., Shirtliff, M., Stoodley, P. and Costerton, J. W. (2005). "Can laboratory reference 

strains mirror "real-world" pathogenesis?" Trends Microbiol 13: 58-63. 

Gabitzsch, E. S., Vera-Tudela, R., Eisen, R. J., Bearden, S. W., Gage, K. L. and Zeidner, N. S. 

(2008). "Development of a real-time quantitative PCR assay to enumerate Yersinia pestis 

in fleas." Am J Trop Med Hyg 79: 99-101. 

Garland, J. L. and Lehman, R. M. (1999). "Dilution/extinction of community phenotypic characters 

to estimate relative structural diversity in mixed communities." FEMS Microbiol Ecol 30: 

333-343. 

Gilbert, P., Das, J. and Foley, I. (1997). "Biofilm susceptibility to antimicrobials." Adv Dent Res 

11: 160-167. 

Goh, S. H., Santucci, Z., Kloos, W. E., Faltyn, M., George, C. G., Driedger, D. and Hemmingsen, 

S. M. (1997). "Identification of Staphylococcus species and subspecies by the chaperonin 

60 gene identification method and reverse checkerboard hybridization." J Clin Microbiol 

35: 3116-21. 

Gordon, J. M., Lamster, I. B. and Seiger, M. C. (1985). "Efficacy of Listerine antiseptic in 

inhibiting the development of plaque and gingivitis." J Clin Periodontol 12: 697-704. 

Greenstein, G. and Lamster, I. (1997). "Bacterial transmission in periodontal diseases: a critical 

review." J Periodontol 68: 421-31. 

Gross, E. L., Leys, E. J., Gasparovich, S. R., Firestone, N. D., Schwartzbaum, J. A., Janies, D. A., 

Asnani, K. and Griffen, A. L. (2010). Bacterial 16s sequence analysis of severe caries in 

young permanent teeth. J Clin Microbiol 48: 4121–4128. 



References  197 

 
Hadwin, A. M., Del Rio, L. F., Pinto, L. J., Painter, M., Routledge, R. and Moore, M. M. (2006). 

"Microbial communities in wetlands of the Athabasca oil sands: genetic and metabolic 

characterization." FEMS Microbiol Ecol 55: 68-78. 

Haffajee, A. D., Cugini, M. A., Dibart, S., Smith, C., Kent, R. L. and Socransky, S. S. (1996). "The 

effect of SRP (scaling and root planing) on the clinical and microbiological parameters of 

periodontal diseases." J Clin Periodontol 24: 618-27. 

Haffajee, A. D., Socransky, S. S., Patel, M. R. and Song, X. (2008). "Microbial complexes in 

supragingival plaque." Oral Microbiol Immunol 23: 196-205. 

Haffajee, A. D., Yaskell, T., Torresyap, G., Teles, R. and Socransky, S. S. (2009a). "Comparison 

between polymerase chain reaction-based and checkerboard DNA hybridization techniques 

for microbial assessment of subgingival plaque samples." J Clin Periodontol 36: 642-9. 

Haffajee, A. D., Roberts, C., Murray, L., Veiga, N., Martin, L., Teles, R. P., Letteri, M. and 

Socransky, S. S. (2009b). "Effect of herbal, essential oil, and chlorhexidine mouthrinses on 

the composition of the subgingival microbiota and clinical periodontal parameters." J Clin 

Dent 20: 211-7. 

Hall, B. G., Ehrlich, G. D. and Hu, F. Z. (2010). "Pan-genome analysis provides much higher strain 

typing resolution than multi-locus sequence typing." Microbiol 156: 1060-8. 

Hansen, M. C., Palmer, R. J. and White, D. C. (2000). "Flowcell culture of Porphyromonas 

gingivalis biofilms under anaerobic conditions." J Microbiol Methods 40: 233-9. 

Hawser, S. P. and Douglas, L. J. (1994). "Biofilm formation by Candida species on the surface of 

catheter materials in vitro." Infect Immun 62: 915-21. 

Herles, S., Olsen, S., Afflitto, J. and Gaffar, A. (1994). "Chemostat flow cell system: An in vitro 

model for the evaluation of antiplaque agents." J Dent Res 73: 1748-55. 

Holt, J. G., Krieg, N. R., Sneath, P. H. A., Staley, J. T. and Williams, S. T. (1994). Bergey's 

manual of determinative bacteriology. Baltimore, Williams and Wilkins. 

Hope, C. K. and Wilson, M. (2004). "Analysis of the effects of chlorhexidine on oral biofilm 

vitality and structure based on viability profiling and an indicator of membrane integrity." 

Antimicrob Agents Chemother 48: 1461-8. 

Hoyle, B. D., Jass, J. and Costerton, J. W. (1990). "The biofilm glycocalyx as a resistance factor." 

J Antimicrob Chemother 26: 1-5. 

Huber, J. A., Mark Welch, D. B., Morrison, H. G., Huse, S. M., Neal, P. R., Butterfield, D. A. and 

Sogin, M. L. (2007). "Microbial population structures in the deep marine biosphere." 

Science 318: 97-100. 

Huber, J. A., Morrison, H. G., Huse, S. M., Neal, P. R., Sogin, M. L. and Mark Welch, D. B. 

(2009). "Effect of PCR amplicon size on assessments of clone library microbial diversity 

and community structure." Environ Microbiol 11: 1292-302. 

Hugo, W. B. and Longworth, A. R. (1964). "Effect of Chlorhexidine Diacetate on "Protoplasts" 

and Spheroplasts of Escherichia coli, Protoplasts of Bacillus megaterium and the Gram 

Staining Reaction of Staphylococcus aureus." J Pharm Pharmacol 16: 751-8. 

Hugo, W. B. and Longworth, A. R. (1966). "The effect of chlorhexidine on the electrophoretic 

mobility, cytoplasmic constituents, dehydrogenase activity and cell walls of Escherichia 

coli and Staphylococcus aureus." J Pharm Pharmacol 18: 569-78. 

Hussein, I., Ranka, M., Gilbert, A. and Davey, K. (2007). "Locally delivered antimicrobials in the 

management of periodontitis: a critical review of the evidence for their use in practice." 

Dent Update 34: 494-6, 9-502, 5-6. 

Ingram, L. O. and Buttke, T. M. (1984). "Effects of alcohols on micro-organisms." Adv Microb 

Physiol 25: 253-300. 

Ingram, L. O. (1990). "Ethanol tolerance in bacteria." Crit Rev Biotechnol 9: 305-19. 



References  198 

 
Jenkins, S., Addy, M. and wade, W. (1988). "The mechanism of action of chlorhexidine. A study 

of plaque growth on enamel inserts in vivo." J Clin Periodontol 15: 415-24. 

Jenkinson, H. F. and Lamont, R. J. (2005). "Oral microbial communities in sickness and in health." 

Trends Microbiol 13: 589-95. 

Kanasi, E., Dewhirst, F. E., Chalmers, N. I., Kent, J. R., Moore, A., Hughes, C. V., Pradhan, N., 

Loo, C. Y. and Tanner, A. C. R. (2010). "Clonal analysis of the microbiota of severe early 

childhood caries." Caries Res 44: 485-97. 

Karatan, E. and Watnick, P. (2009). "Signals, regulatory networks, and materials that build and 

break bacterial biofilms." Microbiol Mol Biol Rev 73: 310-47. 

Keer, J. T. and Birch, L. (2003). "Molecular methods for the assessment of bacterial viability." J 

Microbiol Methods 53: 175-83. 

Keijser, B. J., Zaura, E., Huse, S. M., van der Vossen, J. M., Schuren, F. H., Montijn, R. C., ten 

Cate, J. M. and Crielaard, W. (2008). "Pyrosequencing analysis of the oral microflora of 

healthy adults." J Dent Res 87: 1016-20. 

Keltjens, H. M., Creugers, T. J., Schaeken, M. J. and Van der Hoeven, J. S. (1992). "Effects of 

chlorhexidine-containing gel and varnish on abutment teeth in patients with overdentures." 

J Dent Res 71: 1582-6. 

Kirkeskov, L., Kristiansen, E., Boggild, H., von Platen-Hallermund, F., Sckerl, H., Carlsen, A., 

Larsen, M. J. and Poulsen, S. (2010). "The association between fluoride in drinking water 

and dental caries in Danish children. Linking data from health registers, environmental 

registers and administrative registers." Community Dent Oral Epidemiol. 

Kisand, V. and Wikner, J. (2003). "Limited resolution of 16S rDNA DGGE caused by melting 

properties and closely related DNA sequences." J Microbiol Methods 54: 183-91. 

Kisby, L. E., Savitt, E. D., French, C. K. and Peros, W. J. (1989). "DNA probe detection of key 

periodontal pathogens in juveniles." J Pedod 13: 222-9. 

Kobayashi, H., Oethinger, M., Tuohy, M. J., Procop, G. W., Hall, G. S. and Bauer, T. W. (2009). 

"Limiting false-positive polymerase chain reaction results: detection of DNA and mRNA 

to differentiate viable from dead bacteria." Diagn Microbiol Infect Dis 64: 445-7. 

Kolenbrander, P. E. and London, J. (1993). "Adhere today, here tomorrow: oral biofilm 

adherence." J Bacteriol 175: 3247-52. 

Kolenbrander, P. E. (2000). "Oral Microbial communities: biofilms, interctions and genetic 

systems." Ann Rev Microbiol 54: 413-7. 

Kolenbrander, P. E., Andersen, R. N., Blehert, D. S., Egland, P. G., Foster, J. S. and Palmer, R. J. 

(2002). "Communication among oral bacteria." Microbiol Mol Biol Rev 66: 486-505. 

Kolenbrander, P. E., Palmer, R. J., Jr., Rickard, A. H., Jakubovics, N. S., Chalmers, N. I. and Diaz, 

P. I. (2006). "Bacterial interactions and successions during plaque development." 

Periodontol 2000 42: 47-79. 

Kolenbrander, P. E., Palmer, R. J., Jr., Periasamy, S. and Jakubovics, N. S. (2010). "Oral 

multispecies biofilm development and the key role of cell-cell distance." Nat Rev 

Microbiol 8: 471-80. 

Koshiro, A. and Oie, S. (1984). "Bactericidal activity of ethanol against glucose nonfermentative 

Gram-negative bacilli." Microbios 40: 33-40. 

Kuramitsu, H. K., He, X., Lux, R., Anderson, M. H. and Shi, W. (2007). Interspecies interactions 

within oral microbial communities. 71: 653-70. 

Lang, N. P., Schätzle, M. A. and Löe, H. (2009). "Gingivitis as a risk factor in periodontal 

disease." J Clin Periodontol 36: 3-8. 

Lendenmann, U., Grogan, J. and Oppenheim, F. G. (2000). "Saliva and dental pellicle--a review." 

Adv Dent Res 14: 22-8. 



References  199 

 
Levy, S. M. (2003). "An update on fluorides and fluorosis." J Can Dent Assoc 69: 286-91. 

Lewis, K. (2001). "Riddle of biofilm resistance." Antimicrob Agents Chemother 45(4): 999-1007. 

Lewis, K. (2010). "Persister cells." Annu Rev Microbiol 64: 357-72. 

Lima, K. C., Coelho, L. T., Pinheiro, I. V., Rocas, I. N. and Siqueira Jr, J. F. (2010). "Microbiota 

of dentinal caries as assessed by reverse-capture checkerboard analysis." Caries Res 45: 

21-30. 

Loesche, W. J. (1976). "Chemotherapy of dental plaque infections." Oral Sci Rev 9: 65-107. 

Loesche, W. J. (1986). "Role of Streptococcus mutans in human dental decay." Microbiol Rev 50: 

353-80. 

Loesche, W. (2007). "Dental caries and periodontitis: contrasting two infections that have medical 

implications." Infect Dis Clin North Am 21: 471-502, vii. 

Lowry, O. H., Rosebrough, N. J., Farr, A. L. and Randall, R. J. (1951). "Protein measurement with 

the Folin phenol reagent." J Biol Chem 193: 265-75. 

McBain, A. J., Bartolo, R. G., Catrenich, C. E., Charbonneau, D., Ledder, R. G. and Gilbert, P. 

(2003). Growth and molecular characterization of dental plaque microcosms. J Appl 

Microbiol 94: 655-64. 

Mager, D. L., Ximenez-Fyvie, L. A., Haffajee, A. D. and Socransky, S. S. (2003). "Distribution of 

selected bacterial species on intraoral surfaces." J Clin Periodontol 30: 644-54. 

Marsh, P. D., Featherstone, A., McKee, A. S., Hallsworth, A. S., Robinson, C., Weatherell, J. A., 

Newman, H. N. and Pitter, A. F. (1989). "A microbiological study of early caries of 

approximal surfaces in schoolchildren." J Dent Res 68: 1151-4. 

Marsh, P. D. (1995). "The role of microbiology in models of dental caries." Adv Dent Res 9: 244-

54. 

Marsh, P. D. and Bradshaw, D. J. (1997). "Physiological approaches to the control of oral 

biofilms." Adv Dent Res 11: 176-85. 

Marsh, P. D. (1999). "Microbiologic aspects of dental plaque and dental caries." Dent Clin North 

Am 43: 599-614, v-vi. 

Marsh, P. D. and Bradshaw, D. J. (1999). “Microbial community aspects of dental plaque.” In: 

Dental Plaque Revisited. Newman, H. N. and Wilson, M. Cardiff, UK, Bioline: 237-53. 

Marsh, P. D. (2003). "Are dental diseases examples of ecological catastrophes?" Microbiol 149: 

279-94. 

Marsh, P. D. and Nyvad, B. (2003). “The oral microflora and biofilms on teeth.” In: Dental caries: 

The disease and its clinical management. Fejerskov, O. and Kidd, E. A. M. Oxford, 

Blackwell Munksgaard: 29-47. 

Marsh, P. D. (2004). "Dental plaque is a microbial biofilm." Caries Res 38: 204-11. 

Marsh, P. D. (2005). "Dental plaque: biological significance of a biofilm and community life-

style." J Clin Periodontol 32 Suppl 6: 7-15. 

Marsh, P. D. (2006). "Dental diseases--are these examples of ecological catastrophes?" Int J Dent 

Hyg 4 Suppl 1: 3-10; discussion 50-2. 

Marsh, P. D. and Percival, R. S. (2006). "The oral microflora--friend or foe? Can we decide?" Int 

Dent J 56: 233-9. 

Marsh, P. D., Moter, A. and Devine, D. A. (2011). "Dental plaque biofilms: communities, conflict 

and control." Periodontol 2000 55: 16-35. 

Matin, A. (1991). "The molecular basis of carbon-starvation-induced general resistance in 

Escherichia coli." Mol Microbiol 5: 3-10. 



References  200 

 
Medlicott, N. J., Holborow, D. W., Rathbone, M. J., Jones, D. S. and Tucker, I. G. (1999). "Local 

delivery of chlorhexidine using a tooth-bonded delivery system." J Control Release 61: 

337-43. 

Mikkelsen, L., Jensen, S. B., Schiott, C. R. and Loe, H. (1981). "Classification and prevalences of 

plaque streptococci after two years oral use of chlorhexidine." J Periodontal Res 16: 646-

58. 

Ministry of Health (2010). “Our oral health: Key findings of the 2009 New Zealand oral health 

survey.” Ministry of Health, Wellington, New Zealand 

Moore, W. E. C. and Moore, L. V. H. (1994). "The bacteria of periodontal diseases." Periodontol 

2000 5: 66-77. 

Mulcahy, H., Charron-Mazenod, L. and Lewenza, S. (2008). "Extracellular DNA chelates cations 

and induces antibiotic resistance in Pseudomonas aeruginosa biofilms." PLoS Pathog 4: 

e1000213. 

Nadkarni, M. A., Martin, F. E., Jacques, N. A. and Hunter, N. (2002). "Determination of bacterial 

load by real-time PCR using a broad-range (universal) probe and primers set." Microbiol 

148: 257-66. 

Nakano, K., Inaba, H., Nomura, R., Nemoto, H., Takeda, M., Yoshioka, H., Matsue, H., Takahashi, 

T., Taniguchi, K., Amano, A. and Ooshima, T. (2006). "Detection of cariogenic 

Streptococcus mutans in extirpated heart valve and atheromatous plaque specimens." J 

Clin Microbiol 44: 3313-7. 

Nett, J. E., Sanchez, H., Cain, M. T. and Andes, D. R. (2010). "Genetic basis of Candida biofilm 

resistance due to drug-sequestering matrix glucan." J Infect Dis 202: 171-5. 

New Zealand Yearbook (1994). 

Nørskov-Lauritsen, N. and Kilian, M. (2006). “Reclassification of Actinobacillus 

actinomycetemcomitans, Haemophilus aphrophilus, Haemophilus paraphrophilus and 

Haemophilus segnis as Aggregatibacter actinomycetemcomitans gen. nov., comb. nov., 

Aggregatibacter aphrophilus comb. nov. and Aggregatibacter segnis comb. nov., and 

emended description of Aggregatibacter aphrophilus to include V factor-dependent and V 

factor-independent isolates.” Int J Syst Evol Microbiol 56: 2135-2146. 

Nyvad, B. and Kilian, M. (1990).  “Microflora Associated with Experiemntal Root Surface Caries 

in Humans.” Infect Immun 58:1628-1633. 

Olsen, I., Preza, D., Aas, J. r. A. and Paster, B. J. (2009). "Cultivated and not-yet-cultivated 

bacteria in oral biofilms." Microb Ecol Health Dis  21: 65-71. 

O'Toole, G. A. and Kolter, R. (1998). "Initiation of biofilm formation in Pseudomonas fluorescens 

WCS365 proceeds via multiple, convergent signalling pathways: a genetic analysis." Mol 

Microbiol 28: 449-61. 

Palmer, K. L., Kos, V. N. and Gilmore, M. S. (2010). "Horizontal gene transfer and the genomics 

of enterococcal antibiotic resistance." Curr Opin Microbiol 13: 632-9. 

Papapanou, P. N., Madianos, P. N., Dahlen, G. and Sandros, J. (1997). ""Checkerboard" versus 

culture: a comparison between two methods for identification of subgingival microbiota." 

Eur J Oral Sci 105: 389-96. 

Paster, B. J., Boches, S. K., Galvin, J. L., Ericson, R. E., Lau, C. N., Levanos, V. A., Sahasrabudhe, 

A. and Dewhirst, F. E. (2001). "Bacterial diversity in human subgingival plaque." J 

Bacteriol 183: 3770-83. 

Paster, B. J., Olsen, I., Aas, J. A. and Dewhirst, F. E. (2006). "The breadth of bacterial diversity in 

the human periodontal pocket and other oral sites." Periodontol 2000 40: 80-7. 

Pavlidis, P. (2003). "Using ANOVA for gene selection from microarray studies of the nervous 

system." Methods 31: 282-9. 



References  201 

 
Percival, S. L., Hill, K. E., Malic, S., Thomas, D. W. and Williams, D. W. (2011). "Antimicrobial 

tolerance and the significance of persister cells in recalcitrant chronic wound biofilms." 

Wound Repair Regen 19: 1-9. 

Peters, A. and Wimpenny, J. W. T. (1988). “A constant-depth laboratory model film fermenter.” 

In: CRC Handbook of Laboratory Model Systems for Microbial Ecosystems. Wimpenny, J. 

W. T. Boca Raton, Florida, CRC Press, Inc. I: 175-95. 

Petersen, P. E. and Yamamoto, T. (2005). "Improving the oral health of older people: the approach 

of the WHO Global Oral Health Programme." Community Dent Oral Epidemiol 33: 81-92. 

Piper, P. W., Talreja, K., Panaretou, B., Moradas-Ferreira, P., Byrne, K., Praekelt, U. M., Meacock, 

P., Recnacq, M. and Boucherie, H. (1994). "Induction of major heat-shock proteins of 

Saccharomyces cerevisiae, including plasma membrane Hsp30, by ethanol levels above a 

critical threshold." Microbiol 140: 3031-8. 

Poolman, B. and Glaasker, E. (1998). "Regulation of compatible solute accumulation in bacteria." 

Mol Microbiol 29: 397-407. 

Pozhitkov, A. E., Beikler, T., Flemmig, T. and Noble, P. A. (2011). "High-throughput methods for 

analysis of the human oral microbiome." Periodontol 2000 55: 70-86. 

Pratten, J., Barnett, P. and Wilson, M. (1998a). "Composition and susceptibility to chlorhexidine of 

multispecies biofilms of oral bacteria." Appl Environ Microbiol 64: 3515-9. 

Pratten, J., Smith, A. W. and Wilson, M. (1998b). "Response of single species biofilms and 

microcosm dental plaques to pulsing with chlorhexidine." J Antimicrob Chemother 42: 

453-9. 

Pratten, J. and Wilson, M. (1999). "Antimicrobial susceptibility and composition of microcosm 

dental plaques supplemented with sucrose." Antimicrob Agents Chemother 43: 1595-9. 

Pratten, J. and Ready, D. (2010). "Use of biofilm model systems to study antimicrobial 

susceptibility." Methods Mol Biol 642: 203-15. 

Preza, D., Olsen, I., Aas, J. A., Willumsen, T., Grinde, B. and Paster, B. J. (2008). "Bacterial 

profiles of root caries in elderly patients." J Clin Microbiol 46: 2015-21. 

Rajendhran, J. and Gunasekaran, P. (2010). "Microbial phylogeny and diversity: Small subunit 

ribosomal RNA sequence analysis and beyond." Microbiol Res 166: 99-110. 

Ready, D., Roberts, A. P., Pratten, J., Spratt, D. A., Wilson, M. and Mullany, P. (2002). 

"Composition and antibiotic resistance profile of microcosm dental plaques before and 

after exposure to tetracycline." J Antimicrob Chemother 49: 769-75. 

Retsema, J. A., Brennan, L. A. and Girard, A. E. (1991). "Effects of environmental factors on the 

in vitro potency of azithromycin." Eur J Clin Microbiol Infect Dis 10: 834-42. 

Robinson, C., Strafford, S., Rees, G., Brookes, S. J., Kirkham, J., Shore, R. C., Watson, P. S. and 

Wood, S. (2006). "Plaque biofilms: The effect of chemical environment on natural human 

plaque biofilm architecture." Arch Oral Biol 51: 1006-14. 

Ross, N. M., Charles, C. H. and Dills, S. S. (1989). "Long-term effects of Listerine antiseptic on 

dental plaque and gingivitis." J Clin Dent 1: 92-5. 

Rozier, R. G. (2001). "Effectiveness of methods used by dental professionals for the primary 

prevention of dental caries." J Dent Educ 65: 1063-72. 

Sakamoto, M., Suzuki, M., Umeda, M., Ishikawa, I. and Benno, Y. (2002). “Reclassification of 

Bacteroides forsythus (Tanner et al. 1986) as Tannerella forsythensis corrig., gen. nov., 

comb. nov..” Int J Syst Evol Microbiol 52: 841-849.  

Sambrook, J., Fritsch, E. and Maniatis, T. (1989). “Molecular Cloning: A Laboratory Manual.” 

Cold Spring Harbor, Cold Spring Harbor Laboratory Press. 

Sandham, H. J., Brown, J., Chan, K. H., Phillips, H. I., Burgess, R. C. and Stokl, A. J. (1991). 

"Clinical trial in adults of an antimicrobial varnish for reducing mutans streptococci." J 

Dent Res 70: 1401-8. 

http://ijs.sgmjournals.org/search?author1=Masahito+Suzuki&sortspec=date&submit=Submit
http://ijs.sgmjournals.org/search?author1=Makoto+Umeda&sortspec=date&submit=Submit
http://ijs.sgmjournals.org/search?author1=Isao+Ishikawa&sortspec=date&submit=Submit
http://ijs.sgmjournals.org/search?author1=Yoshimi+Benno&sortspec=date&submit=Submit


References  202 

 
Sansone, C., van Houte, J., Joshipura, K., Kent, R. and Margolis, H. C. (1993). "The association of 

mutans streptococci and non-mutans streptococci capable of acidogenesis at a low pH with 

dental caries on enamel and root surfaces." J Dent Res 72: 508-16. 

Savli, H., Karadenizli, A., Kolayli, F., Gundes, S., Ozbek, U. and Vahaboglu, H. (2003). 

"Expression stability of six housekeeping genes: A proposal for resistance gene 

quantification studies of Pseudomonas aeruginosa by real-time quantitative RT-PCR." J 

Med Microbiol 52: 403-8. 

Schembri, M. A., Kjaergaard, K. and Klemm, P. (2003). "Global gene expression in Escherichia 

coli biofilms." Mol Microbiol 48: 253-67. 

Scherer, S. and Stevens, D. A. (1987). “Application of DNA typing methods to epidemiology and 

taxonomy of Candida species.” J Clin Microbiol 25: 675-9. 

Schjorring, S. and Krogfelt, K. A. (2011). "Assessment of bacterial antibiotic resistance transfer in 

the gut." Int J Microbiol: 312956. 

Seckbach, J., Oren, A., Avidan, O., Satanower, S. and Banin, E. (2010). Iron and Bacterial Biofilm 

Development. Microbial Mats. Seckbach, J., Springer Netherlands. 14: 359-83. 

Shu, M., Wong, L., Miller, J. H. and Sissons, C. H. (2000). "Development of multi-species 

consortia biofilms of oral bacteria as an enamel and root caries model system." Arch Oral 

Biol 45: 27-40. 

Shu, M., Browngardt, C. M., Chen, Y. Y. and Burne, R. A. (2003). "Role of urease enzymes in 

stability of a 10-species oral biofilm consortium cultivated in a constant-depth film 

fermenter." Infect Immun 71: 7188-92. 

Simmons, W. L. and Dybvig, K. (2007). "Biofilms protect Mycoplasma pulmonis cells from lytic 

effects of complement and gramicidin." Infect Immun 75: 3696-9. 

Sissons, C. H., Cutress, T. W., Hoffman, M. P. and Wakefield, J. S. J. (1991). "A multi-station 

dental plaque microcosm (artificial mouth) for the study of plaque growth, metabolism, pH, 

and mineralisation." J Dent Res 70: 1409-16. 

Sissons, C. H. (1995). "Analysis of urease isoenzymes in dental plaque." J Dent Res 74: 754. 

Sissons, C. H., Wong, L. and Cutress, T. W. (1995). "Patterns and rates of growth of microcosm 

dental plaque biofilms." Oral Microbiol Immunol 10: 160-7. 

Sissons, C. H., Wong, L. and Cutress, T. W. (1996). "Inhibition by ethanol of the growth of biofilm 

and dispersed microcosm dental plaques." Arch Oral Biol 41: 27-34. 

Sissons, C. H. (1997). "Artificial dental plaque biofilm model systems." Adv Dent Res 11: 110-26. 

Sissons, C. H., Anderson, S. A., Wong, L., Coleman, M. J. and White, D. C. (2007). "Microbiota 

of Plaque Microcosm Biofilms: Effect of Three Times Daily Sucrose Pulses in Different 

Simulated Oral Environments." Caries Res 41: 413-22. 

Sissons, C. H., Filoche, S. K. and Wong, L. (2008). Ecomicrobials: community-level modification 

of complex microbial ecosystems. www.kenes.com/isme12/posters/1381.htm. 

Sissons, C. H., Wong, L., Filoche, S. K., Wall-Manning, G. M. and Van Bekkum, M. (2010). 

"Contrasting effects of chemotherapeutic agents on plaque microcosm biofilm 

development and the cariogenic microbiota." Caries Res 44: 210. 

Slots, J. (1996). "Systemic antibiotics in periodontics." J Periodontol 67: 831-8. 

Smalla, K., Wachtendorf, U., Heuer, H., Liu, W. T. and Forney, L. (1998). "Analysis of BIOLOG 

GN Substrate Utilization Patterns by Microbial Communities." Appl Environ Microbiol 64: 

1220-5. 

Socransky, S. S. and Haffajee, A. D. (1992). "The bacterial etiology of destructive periodontal 

disease: Current concepts." J Periodontol 63: 322-31. 

Socransky, S. S., Smith, C., Martin, L., Paster, B. J., Dewhirst, F. E. and Levin, A. E. (1994). 

""Checkerboard" DNA-DNA hybridization." Biotechniques 17: 788-92. 



References  203 

 
Socransky, S. S., Haffajee, A. D., Cugini, M. A., Smith, C. and Kent, R. L. (1998). "Microbial 

complexes in subgingival plaque." J Clin Periodontol 25: 134-44. 

Socransky, S. S., Haffajee, A. D., Ximenez-Fyvie, L. A., Feres, M. and Mager, D. (1999). 

"Ecological considerations in the treatment of Actinobacillus actinomycetemcomitans and 

Porphyromonas gingivalis periodontal infections." Periodontol 2000 20: 341-62. 

Socransky, S. S. and Haffajee, A. D. (2005). "Periodontal microbial ecology." Periodontol 2000 

38: 135-87. 

Sousa, R. P., Zanin, I. C., Lima, J. P., Vasconcelos, S. M., Melo, M. A., Beltrao, H. C. and 

Rodrigues, L. K. (2009). "In situ effects of restorative materials on dental biofilm and 

enamel demineralisation." J Dent 37: 44-51. 

Spear, G. T., Sikaroodi, M., Zariffard, M. R., Landay, A. L., French, A. L. and Gillevet, P. M. 

(2008). "Comparison of the diversity of the vaginal microbiota in HIV-infected and HIV-

uninfected women with or without bacterial vaginosis." J Infect Dis 198(8): 1131-40. 

Splieth, C. H. and Flessa, S. (2008). "Modelling lifelong costs of caries with and without fluoride 

use." Eur J Oral Sci 116: 164-9. 

Sreenivasan, P. and Gaffar, A. (2002). "Antiplaque biocides and bacterial resistance: a review." J 

Clin Periodontol 29: 965-74. 

Stewart, P. S. (2002). "Mechanisms of antibiotic resistance in bacterial biofilms." Int J Med 

Microbiol 292: 107-13. 

Storz, G. and Imlay, J. A. (1999). "Oxidative stress." Curr Opin Microbiol 2: 188-94. 

Sutton, N. A., Hughes, N. and Handley, P. S. (1994). "A comparison of conventional SEM 

techniques, low temperature SEM and the electroscan wet scanning electron microscope to 

study the structure of a biofilm of Streptococcus crista CR3." J Appl Bacteriol 76: 448-54. 

Suzuki, M. T. and Giovannoni, S. J. (1996). "Bias caused by template annealing in the 

amplification of mixtures of 16S rRNA genes by PCR." Appl Environ Microbiol 62: 625-

30. 

Tack, K. J. and Sabath, L. D. (1985). "Increased minimum inhibitory concentrations with 

anaerobiasis for tobramycin, gentamicin, and amikacin, compared to latamoxef, 

piperacillin, chloramphenicol, and clindamycin." Chemotherapy 31: 204-10. 

Tajima, K., Aminov, R. I., Nagamine, T., Matsui, H., Nakamura, M. and Benno, Y. (2001). "Diet-

dependent shifts in the bacterial population of the rumen revealed with real-time PCR." 

Appl Environ Microbiol 67: 2766-74. 

Takahashi, N. and Nyvad, B. (2008). "Caries ecology revisited: microbial dynamics and the caries 

process." Caries Res 42: 409-18. 

Tan, P. K., Downey, T. J., Spitznagel, E. L., Jr., Xu, P., Fu, D., Dimitrov, D. S., Lempicki, R. A., 

Raaka, B. M. and Cam, M. C. (2003). "Evaluation of gene expression measurements from 

commercial microarray platforms." Nucleic Acids Res 31: 5676-84. 

Tanner, A. C. R., Mathney, J. M. J., Kent, R. L., Jr., Chalmers, N. I., Hughes, C. V., Loo, C. Y., 

Pradhan, N., Kanasi, E., Hwang, J., Dahlan, M. A., Papadopolou, E. and Dewhirst, F. E. 

(2011). "Cultivable anaerobic microbiota of severe early childhood caries." J Clin 

Microbiol 49: 1464-1474 

Teles, R. P., Haffajee, A. D. and Socransky, S. S. (2006). "Microbiological goals of periodontal 

therapy." Periodontol 2000 42: 180-218. 

Theilade, E. (1986). "The non-specific theory in microbial etiology of inflammatory periodontal 

diseases." J Clin Periodontol 13: 905-11. 

Tindall, B.J. and Euzéby, J.P. (2006). “Proposal of Parvimonas gen. nov. and Quatrionicoccus gen. 

nov. as replacements for the illegitimate, prokaryotic, generic names Micromonas 

Murdoch and Shah 2000 and Quadricoccus Maszenan et al. 2002, respectively.” Int J Syst 

Evol Microbiol 56: 2711-2713.  



References  204 

 
Treasure, E. T. and Dever, J. G. (1994). "Relationship of caries with socioeconomic status in 14-

year-old children from communities with different fluoride histories." Community Dent 

Oral Epidemiol 22: 226-30. 

Tusher, V. G., Tibshirani, R. and Chu, G. (2001). "Significance analysis of microarrays applied to 

the ionizing radiation response." Proc Natl Acad Sci USA 98: 5116-21. 

Venglarcik, J. S., 3rd, Blair, L. L. and Dunkle, L. M. (1983). "pH-dependent oxacillin tolerance of 

Staphylococcus aureus." Antimicrob Agents Chemother 23: 232-5. 

von Ohle, C., Gieseke, A., Nistico, L., Decker, E. M., DeBeer, D. and Stoodley, P. (2010). "Real-

time microsensor measurement of local metabolic activities in ex vivo dental biofilms 

exposed to sucrose and treated with chlorhexidine." Appl Environ Microbiol 76: 2326-34. 

von Troil-Linden, B., Saarela, M., Matto, J., Alaluusua, S., Jousimies-Somer, H. and Asikainen, S. 

(1996). “Source of suspected periodontal pathogens re-emerging after periodontal 

treatment.” J Clin Periodontol 23: 601-7. 

Walker, C. B. (1988). "Microbiological effects of mouthrinses containing antimicrobials." J Clin 

Periodontol 15: 499-505. 

Wall-Manning, G. M., Sissons, C. H., Anderson, S. A. and Lee, M. (2002). "Checkerboard DNA-

DNA hybridisation technology focused on the analysis of Gram-positive cariogenic 

bacteria." J Microbiol Methods 51: 301-11. 

Wang, X., Heazlewood, S. P., Krause, D. O. and Florin, T. H. J. (2003). "Molecular 

characterization of the microbial species that colonize human ileal and colonic mucosa by 

using 16S rDNA sequence analysis." J Appl Microbiol 95: 508-20. 

Watson, J. D., Hopkins, N. H., Roberts, J. W., Steitz, J. A. and Weiner, A. M. (1987). “Molecular 

Biology of the Gene.” New York, Benjamin/Cummings. 

Webb, J. S., Thompson, L. S., James, S., Charlton, T., Tolker-Nielsen, T., Koch, B., Givskov, M. 

and Kjelleberg, S. (2003). "Cell death in Pseudomonas aeruginosa biofilm development." 

J Bacteriol 185: 4585-92. 

Weber, K., Schulz, B. and Ruhnke, M. (2010). "The quorum-sensing molecule E,E-farnesol--its 

variable secretion and its impact on the growth and metabolism of Candida species." Yeast 

27: 727-39. 

Whittaker, C. J., Klier, C. M. and Kolenbrander, P. E. (1996). "Mechanisms of adhesion by oral 

bacteria." Ann Rev Microbiol 50: 513-52. 

Wilson, M. (1996). "Susceptibility of oral bacterial biofilms to antimicrobial agents." J Med 

Microbiol 44: 79-87. 

Wilson, M., Patel, H. and Noar, J. H. (1998). "Effect of chlorhexidine on multi-species biofilms." 

Curr Microbiol 36: 13-8. 

Wimpenny, J. W. T. (1988). “CRC Handbook of Laboratory Model Systems for Microbial 

Ecosystems.” Boca Raton, Florida, CRC Press, Inc. 

Winkel, E. G., Van Winkelhoff, A. J., Timmerman, M. F., Vangsted, T. and Van der Velden, U. 

(1997). "Effects of metronidazole in patients with "refractory" periodontitis associated 

with Bacteroides forsythus." J Clin Periodontol 24: 573-9. 

Wolcott, R. D., Rumbaugh, K. P., James, G., Schultz, G., Phillips, P., Yang, Q., Watters, C., 

Stewart, P. S. and Dowd, S. E. (2010). "Biofilm maturity studies indicate sharp 

debridement opens a time- dependent therapeutic window." J Wound Care 19: 320-8. 

Wong, L., Sissons, C. H. and Cutress, T. W. (1994). "Control of a multiple dental plaque culture 

system and long-term, continuous, plaque pH measurement using LabVIEW®." Binary 6: 

173-80. 

Wong, L. and Sissons, C. H. (2001). "A comparison of human dental plaque microcosm biofilms 

grown in an undefined medium and a chemically-defined artificial saliva." Arch Oral Biol 

46: 477-86. 



References  205 

 
Wong, L. and Sissons, C. H. (2007). "Human dental plaque microcosm biofilms: effects of nutrient 

variation on calcium phosphate deposition and growth." Arch Oral Biol 52: 280-9. 

Wood, S. R., Kirkham, J., Marsh, P. D., Shore, R. C., Nattress, B. and Robinson, C. (2000). 

"Architecture of intact natural human plaque biofilms studied by confocal laser scanning 

microscopy." J Dent Res 79: 21-7. 

Wust, J., Steiger, U., Vuong, H. and Zbinden, R. (2000). "Infection of a hip prosthesis by 

Actinomyces naeslundii." J Clin Microbiol 38: 929-30. 

Wyatt, C. C. and MacEntee, M. I. (2004). "Caries management for institutionalized elders using 

fluoride and chlorhexidine mouthrinses." Community Dent Oral Epidemiol 32: 322-8. 

Ximenez-Fyvie, L. A., Haffajee, A. D., Martin, L., Tanner, A., Macuch, P. and Socransky, S. S. 

(1999). "Identification of oral Actinomyces species using DNA probes." Oral Microbiol 

Immunol 14: 257-65. 

Zaura, E., Keijser, B. J., Huse, S. M. and Crielaard, W. (2009). "Defining the healthy "core 

microbiome" of oral microbial communities." BMC Microbiol 9: 259. 

Zaura-Arite, E., van Marle, J. and ten Cate, J. M. (2001). "Conofocal microscopy study of 

undisturbed and chlorhexidine-treated dental biofilm." J Dent Res 80: 1436-40. 

Zijnge, V., Welling, G. W., Degener, J. E., van Winkelhoff, A. J., Abbas, F. and Harmsen, H. J. 

(2006). "Denaturing gradient gel electrophoresis as a diagnostic tool in periodontal 

microbiology." J Clin Microbiol 44: 3628-33. 

Zijnge, V., van Leeuwen, M. B., Degener, J. E., Abbas, F., Thurnheer, T., Gmur, R. and Harmsen, 

H. J. (2010). "Oral biofilm architecture on natural teeth." PLoS One 5: e9321. 

 



  206 

 

Appendix 1 – Media, Buffers and Solutions 

 

A1.1  Microbiological Media and solutions 

TSBYK broth:    1L media: 

½ recipe trypticase soy broth (BBL)  15 g 

½ recipe brain heart infusion (Difco)  18.5 g 

Yeast extract (Difco)    10 g 

1% (w/v) haemin solution   10 mL 

Autoclave and add 

1 L/mL vitamin K soln (filter sterilized) 1 mL 

1 L/mL N-Acetyl muramic acid (NAM) soln (Sigma A-3007 for B. forsythus only) 

      1 mL 

 

TSBYK agar: 

As for TSBYK broth, plus 

15 g/L agar (added before autoclaving) 

5% (v/v) defibrinated sheep blood (added after autoclaving) 

 

Hemin solution: 

50 mg hemin (Sigma H5533) and 1.74 g K2HPO4 in 100 mL H2O. 

Boil to dissolve, and store at 
-
20C. 

 

Vitamin K solution:       

4 mg water soluble menadione (Sigma M5750) in 10 mL dH2O  

Filter sterilize and store at 
–
20C 

     

NAM solution: 
100 mg NAM in 10 mL distilled H2O 

Filter sterilize and store at 
–
20C 

 

Todd-Hewitt Broth: 

Dissolve 30 g/L premixed powder (Difco) in distilled water, dispense into appropriate 

culture vessels, and autoclave. 

 

Todd-Hewitt Agar: 

Add 15 g/L agar to Todd-Hewitt broth, autoclave and pour into petri dishes. 

 

Chocolate Agar: 

Suspend 36 g/L GC Agar base (BBL) in distilled water, and autoclave.  Cool to 50C, and 

add defibrinated sheep blood to 5% by volume.  Incubate at 80C until media has the 

appearance of molten chocolate.  Cool and pour into petri dishes. 
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A1.2 Reagents and Buffers – DNA Extraction 

TE buffer (T10E1): 

1 M Tris, pH 8.0 1 mL 

0.5 M EDTA, pH 8.0 0.2 mL 

Make up to 100 mL with distilled water, autoclave to sterilize. 

 

Penicillin G (10 mg/mL): 

Penicillin G powder (Sigma PEN-NA) 100 mg 

Dissolve in 10 mL distilled water. 

Filter sterilise and store in 1 mL aliquots at 
–
20C 

 

Achromopeptidase (5 mg/mL): 

Achromopeptidase powder (Σ A3547) 50 mg 

Dissolve in 10 mL distilled water. 

Filter sterilise and store in 1 mL aliquots at 
–
20C 

 

20% (w/v) SDS (for DNA extraction): 

Sodium dodecyl sulphate (Molecular Biology Grade) 100 g 

Add to a 500 mL volumetric flask containing 400 mL distilled water, stir to dissolve and 

make up to 500 mL with distilled water. 

 

Proteinase K stock solution (20 mg/mL): 
Proteinase K (Invitrogen 25530) 0.2 g 

Distilled Water 10.0 ml 

Dissolve Proteinase K in distilled water.  Store in aliquots at 
-
20C. 

 

RNAse A stock solution (10 mg/mL): 
RNase A 0.1 g 

TE 10.0 ml 

Dissolve RNase A in TE.  Incubate in boiling water bath for 5 min.  Cool slowly, and store 

in aliquots at 
-
20C. 

 

5M NaCl: 

NaCl (Merck GPR grade) 146 g 

Add to 400 mL distilled water, dissolve.  Make up to 500 mL with distilled water, 

autoclave. 

 

CTAB/NaCl Solution: 
Dissolve 4.1 g NaCl in 80 ml distilled H20. 

Slowly add 10 g CTAB (hexadecyltrimethyl ammonium bromide) while heating and 

stirring.  If necessary, heat to 65C to dissolve.  Adjust volume to 100 mL with distilled 

water and autoclave. 

 

Liquified Phenol: 

Gently melt 500 g crystalline phenol in a 1 litre beaker on a hotplate.  Add 

hydroxyquinolone to 0.1% by weight.  Mix slowly with a stir bar and add approximately 1 

volume of 1.0 M Tris, pH 8.0.  Stir rapidly for 5 minutes and allow the aqueous and 

organic layers to separate.  Remove the upper aqueous layer and replace with 
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approximately 1 volume of 1.0 M Tris, pH 8.0.  Again stir rapidly for 5 minutes and allow 

the aqueous and organic layers to separate.  Remove the aqueous layer and repeat the 

equilibration until the pH of the organic layer is at least 7.5.  Add approximately 0.1 

volume of 0.1 M Tris, pH 8.0.  Store at 4°C for up to one week or at -20°C for long term 

storage.   

 

3M NaAcetate: 

NaAcetate.3H2O 204 g 

Dissolve in 400 mL H2O, adjust pH to 4.8 with acetic acid.  Make up to 500 mL with 

distilled H2O, autoclave. 

 

1 M Tris, pH 8.0: 

Tris HCl 61.4 g 

Tris Base 74.0 g 

Dissolve in 800 mL distilled H2O, adjust pH to 8.0 with 5 M NaOH.  Adjust the volume to 

1 L with distilled water, autoclave. 

 

0.5 M EDTA: 

Na2EDTA.2H2O 93.05 g 

Add to 350 mL distilled H2O, dissolve and adjust the pH to 8.0 with NaOH.  Make up to 

500 mL with distilled H2O, autoclave. 

 

0.5 M NaOH: 

Dissolve 1 g of NaOH pellets in 50 mL distilled water.   

 

Ammonium Acetate: 
Ammonium Acetate 38.5 g 

Add to a flask containing 50 ml of distilled water.  Dissolve, and make up to 100 mL with 

distilled water. 
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A1.3 Reagents and Buffers – Hybridisation and Detection 

Formamide: 
98% purity Formamide 800.0 mL 

Analytical Grade Mixed Bed Resin 40.0 g 

(BioRad AG 501-X8) 

Add resin to formamide in a 1 L beaker.  Stir for 30 minutes.  Filter to remove resin.  Store 

in aliquots at -20C. 

 

50 Denhardt's Solution: 
Ficoll (Pharmacia, Type 400) 5.0 g 

Polyvinylpyrrolidone (Merck 107302) 5.0 g 

BSA (Fraction V, Sigma A6793) 5.0 g  

Distilled water 500 mL 

Stir to dissolve, and filter through a paper filter (Whatman No. 1) to clarify.  Store in 5 mL 

aliquots at -20C. 

 

Yeast RNA: 
Yeast RNA 1.0 g 

Distilled water 100 mL 

Boil until dissolved. Aliquot 1 mL volumes into microcentrifuge tubes and store at -20C. 

 

20 SSC: 

NaCl 350.64 g 

Na3Citrate.2H2O 176.5 g 

Dissolve ingredients in 1.8 L distilled water and adjust pH to 7.0 with 1 M HCl.  Make up 

to 2 L with distilled water. 

 

Prehybridisation Stock Solution: 

NaCl 88.0 g 

Na3Citrate.2H2O 44.0 g 

NaH2P04 6.9 g 

Dissolve ingredients in 400 mL distilled water and adjust pH to 6.5 with 1M HCl.  Make 

up to 500 mL with distilled water and autoclave for 15 min. 

 

Hybridisation Stock Solution: 

NaCl 30.7 g 

Na3Citrate.2H2O 16. 1 g 

NaH2PO4 2.0 g 

Dissolve ingredients in 400 mL distilled water and adjust pH to 6.5 with 1M HCl.  Make 

up to 500 mL with distilled water and autoclave for 15 min. 

 

Prehybridisation Solution: 

Formamide 25.0 mL 

50x Denhardt's Solution 5.0 mL 

Prehybridisation Stock Solution 12.5 mL 

10% (w/v) Casein 5.0 mL 
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Hybridisation Solution: 

Formamide 10.0 mL 

50x Denhardt's solution 0.4 mL 

Dextran Sulphate 2.0 g 

Hybridisation Stock Solution 8.2 mL 

10% (w/v) Casein 2.0 mL 

 

20% (w/v) SDS for membrane washing 

Na dodecyl sulphate (technical grade) 1 kg 

Add to a 5 L flask containing 3 L distilled water.  Stir slowly to dissolve and make up to 5 

L with distilled water.  Store at room temperature. 

 

Hybridisation Wash Buffer: 

(40 mM Na2HPO4, 1 mM EDTA, 0.5% SDS) 

20% (w/v) SDS 175 mL  

EDTA 2.6 g 

Na2HPO4 (anhydrous) 24.5 g 

Distilled water to 7 L 

 

10 Maleic Acid Buffer Stock: 

Maleic acid 116 g 

NaCl 87.7 g 

Dissolve maleic acid and NaCl in 750 mL distilled water, adjust pH to 7.5 (use solid 

NaOH initially, then 1M), make up to 1 L with distilled water, aliquot into 100 mL bottles 

and autoclave. 

To prepare 1  Maleic Acid Buffer, dilute 100 mL 10  Maleic Acid Buffer Stock to 1 L 

with sterile distilled water. 

 

10 Antibody Blocking Buffer Stock: 

Add 100g blocking reagent to 1 L of 1  Maleic Acid Buffer.  Heat to 60C with stirring 

until dissolved (approximately 1 hour).  Aliquot into 100 mL bottles and autoclave. 

Store at room temp (unopened), 4C, or -20C. 

To prepare 1  Antibody Blocking buffer, aseptically dilute 100 mL 10  Antibody 

Blocking Buffer Stock to 1 L with sterile distilled water. 

 

1 Antibody Wash Buffer: 

Add 3 mL Tween 20 to 1 L 1  Maleic Acid Buffer. Mix well. 

 

10 Detection Buffer stock: 

Tris base 121.1 g 

NaCl 58.44 g 

Dissolve Tris and NaCl in 700 mL distilled water.  Adjust the pH to 9.5 with 1M HCl, 

make up to 1 L, and aliquot into 100 mL bottles.  Autoclave and store at room temperature. 

To prepare 1  Detection Buffer, dilute 100 mL 10  Detection Buffer Stock to 1 L with 

distilled water. 

 


