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Summary

Porphyromonas gingivalis is a species of bacteria commonly found in the oral cavity. It is 

associated with severe forms of periodontal disease such as chronic periodontitis which is 

one of the major causes of tooth loss in adults globally. In order to cause disease the 

bacteria utilises a number of specialised mechanisms to disrupt the host immune response 

and facilitate out-growth of dental plaque. One group of factors important for growth and 

survival in the gingival crevice are a group of cell surface proteins commonly referred to as 

the haemagglutinins.

HagB and HagC are neglected members of this group of proteins. Their exact role in the 

disease process has yet to be fully established. They share a high level of homology to one 

another and form a distinct group separate from the other haemagglutinins. Previous 

attempts to study their role have yielded successful single mutants of each gene but 

attempts to create a double AhagB/AhagC mutant have proved unsuccessful.

By first deleting the hagC gene and then disrupting the hagB gene we were successfully 

able to create a AhagB/AhagC mutant in P. gingivalis strain W83 as well as single mutants 

of both. Phenotypic analysis was carried out imder a range of conditions. One of the 

strongest phenotypes observed were differences in colonial pigmentation between wild- 

type and mutant strains in both solid and liquid media. Deletion of one or both of these 

genes also affected how the bacteria interacted with a number of cell lines and other 

bacterial species. Changes in adherence and invasion capabilities were found when H357 

oral epithelial cells were infected with the mutant strains. The data also showed that there 

were differences in the immuno-stimulatory properties of the strains when co-cultured with 

THP-1 cells. When mono and multi-species biofilm formation were examined it was found 

that the hagC mutant and the double mutant had impaired mono-species biofilm formation.

iii



The data also indicated an important role for hagC in the formation of multi-species 

biofilms.

The double AhagB/AhagC mutant exhibited some aberrant phenotypes in adhesion and 

cytokine stimulation. Quantative real-time polymerase chain reaction (qPCR) was carried 

out in order to establish if in the absence of hagB and hagC if compensatory gene 

expression was activated. A number of candidate genes, such as the gingipains, were 

identified and screened. It was found that in several cases the mutant strains, particularly 

the double mutant showed some levels of aberrant expression. The data also indicated that 

this was not a haem starvation effect, as restoration of HagB to the double mutant genome 

restored pigmentation but did not alleviate the phenotypic abnormalities. We hypothesise 

that this result may be due to bi-stable genetic variation present in the P. gingivalis 

population which was selected during the process of mutagenesis. Our data indicate that 

HagB and HagC are crucial haemagglutinins required for the normal physiology and 

growth of P. gingivalis which play a role in adherence, invasion and biofilm formation.

In conjunction with the work carried out on HagB and HagC we also aided in developing a 

rapid screening process which could aid in establishing the role of genes of poorly defined 

or unknown function. This screen would allow for a more targeted approach towards 

mutagenesis and would substantially speed up the process of establishing the role of genes 

of previously unknown function.
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Abstract

The haemagglutinin genes of P. gingivalis are believed to play an important role in the 

virulence of the organism. A subset of these genes, namely hagB and hagC, are distinct 

from the other family members based on nucleotide sequence homology. They encode for 

proteins whose function in the virulence of P. gingivalis is poorly understood. It has been 

established that they can act as haemagglutinins and adhesins to human coronary arterial 

endothelial cells (HCAECs). In addition, HagB has been shown to be highly immunogenic 

with potential as a vaccine candidate. Their role in interactions with oral cells and oral 

bacteria has yet to be investigated. One reason for the lack of experimental characterisation 

is that attempts to generate a tshagB!tshagC double mutant have been unsuccessful. In this 

study, both hagB and hagC were deleted to create the first tshagB!tshagC mutant as well as 

single and complemented mutants.

It was found that hagB and hagC contribute to a number of processes in P. gingivalis, 

including pigmentation on blood agar and agglutination of red blood cells (RBCs). The 

double AhagB/AhagC mutant exhibited a severe defect in pigmentation and greatly 

reduced capacity to agglutinate sheep RBCs. When adhesion to and invasion of oral 

epithelial H357 cells was examined, it was found that both AhagB and AhagC mutants 

exhibited reduced adhesion relative to wild-type. In addition, deletion of hagB in the 

fimbriated strain ATCC33277 indicated that HagB was a major contributor to adherence in 

a fimbriated strain of P. gingivalis. The role of these genes in strain W83 in single and 

multispecies biofilm formation was also examined. Unexpectedly, hagC mutants were 

found to exhibit the greatest defects in biofilm formation.

However, paradoxically the AhagB/AhagC double mutant did not exhibit an additive defect 

in adherence and complementation with hagB resulted in a hyper-adherent phenotype. The



A/zag5/AhagC double mutant also elicited higher levels of IL-8 and MIPip from THP-1 

cells, despite removal of these major surface antigens. Examination of gene expression in 

the tshagB!I\hagC mutant using quantitative Real-Time polymerase chain reaction (qPCR) 

indicated deregulated expression of the gingipains rgpA and rgpB, 'which was not 

complemented by the re-addition of hagB. We hypothesise that the ls.hagBllS.hagC mutant 

may only be viable in subpopulations of the bacterium that express compensatory 

haemagglutinins and this may partly explain why previous attempts to generate a 

/ShagB/lShagC mutant have not been successful.

In conjunction with the work carried out on the role of hagB and hagC, we also developed 

a rapid screening process for adherence and invasion genes using a transposon mutagenesis 

library and Tn-Seq. By using this technology we developed a screen for genes that might 

play a role in virulence processes, allowing us to identify where areas of further study 

should be directed, this will be particularly useful for the study of genes of unknown or 

poorly defined function.

In summary, this work supports the idea that HagB could be used as a vaccine antigen as 

antibody responses would block adhesion and biofilm formation by the bacteria. I have 

also generated a panel of novel candidate genes for future investigation as virulence factors 

and vaccine candidates.
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Chapter 1

Introduction

‘For there was never yet a philosopher that could endure toothache patiently”

-William Shakespeare.



1.1 Periodontitis

Toothache, tooth loss and humanity have gone hand in hand together since our earliest 

times. Teeth are supported by tissue known as the periodontium, which consists of the 

epithelial, connective and bone tissues that support the tooth (Fig 1.1). The word itself 

comes from two Greek terms; “peri” meaning around and “odons” meaning tooth 

(Darveau, 2010). In a healthy oral cavity this tissue exists in a state of balanced harmony 

with dental plaque which is a poly microbial biofilm made up of a host of microorganisms 

that build up on the tooth and tooth root (Jenkinson, 2011). Good oral hygiene removes 

much of this biofilm and prevents the development of dental disease.

The major cause of tooth loss in humans is periodontitis, which is a chronic inflammatory 

disease of the periodontium in response to the presence of polymicrobial dental plaque that 

colonises the area between the tooth surface and the marginal gingiva. When left 

unchecked and untreated it facilitates the destruction of the tooth supporting tissues such as 

alveolar bone and connective tissue, consequently leading to tooth loss (Fig 1.1) (Darveau, 

2010).

The disease can also affect systemic health, as studies suggest that it increases a person’s 

risk of developing atherosclerosis (Saffi et ah, 2015) and possibly some autoimmune 

diseases such as rheumatoid arthritis (Atanasova and Yilmaz, 2014).

There are a number of recognised risk factors for the development of periodontitis. Poor 

oral hygiene has one of the strongest links with disease development and progression. 

Levels of periodontitis in those with poor oral hygiene are substantially higher than in 

those with good oral hygiene practices (Hobdell et al., 2003).



Figure 1.1: Diagram showing the differences between a healthy tooth and a diseased tooth, 

in particular the difference in inflammation and bone level, as well as the presence of 

dental plaque. Reproduced from (Darveau, 2010).



The effect of smoking has been extensively examined; there is a positive correlation 

between prevalence of periodontal disease with increasing severity and the number of 

packs/years smoked (AlJehani, 2014). Smoking has a number of effects on the oral cavity. 

It encourages the growth of specific periodontal pathogens and by selecting these 

organisms through smoking there is an increased risk for the development and progression 

of periodontitis (Zambon et al., 1996). Studies have shown repeatedly that smoking 

suppresses the immune system, facilitating this outgrowth. When the cytokine and 

chemokine profiles of smokers were examined and compared to those of non-smokers it 

was found that a range of cytokines including interleukin-6, chemokine ligand 3 (CCL3 or 

MIP-la) and interleukin 8 were reduced in smokers compared to the non-smoking controls 

(Souto et al., 2014, Tymkiw et al., 2011).

Socio economic status (SES) also influences disease development and progression. Those 

with a higher SES and better access to education have been shown to have a reduced 

incidence of disease compared to those with a low SES (Hobdell et al., 2003). Hobdell et 

al. (2003) who examined the link between oral health and SES in developed and less 

developed nations found that the incidence of periodontitis was associated with SES in all 

regions. This is probably related to access to basic dental care (Hobdell et al., 2003). 

Additionally, in less developed nations, access to water, toothbrushes and toothpaste may 

well be linked to SES. It has been shown in Britain that despite universal access to dental 

care as provided by the National Health Service, oral health inequalities due to SES are 

still an issue due to the behavioural risk factors associated with it, such as dietary habits, 

poor oral hygiene, tobacco consumption, alcohol and drug use (Watt and Sheiham, 1999). 

Periodontitis is also associated with aging, with the risk of developing the disease 

increasing with age.



A number of factors are likely to contribute to this; the immune system loses potency with 

aging which facilitates sub-gingival plaque outgrowth if a proper oral hygiene routine isn’t 

maintained, the prevalence of certain diseases with known associations with periodontitis, 

such as diabetes also increases as the population ages (AlJehani, 2014).

Diabetes (either Type I or Type II) has been shown to be a risk factor for the development 

of periodontitis. In individuals where diabetes is poorly controlled there is an increased risk 

of developing periodontitis and the disease may progress more rapidly in those who have 

either controlled diabetes or who are diabetes free (AlJehani, 2014).

In the U.S.A the World Health Organisation has shown that approximately 47% of adults 

over 30 years of age have some form of periodontitis. Of that 47%, 8.7% have mild 

periodontitis, 30% have a moderate form of the disease and 8.7% have a severe form. This 

is in keeping with global studies which indicate that severe forms of the disease will affect 

between 5-15% of the adult population globally (WHO, 2003). It is also well established 

that there is an increase in the prevalence of the disease in the older population. In adults 

over 65 yrs of age in the U.S.A the percentages are 5.9%, 53% and 11.2% for mild, 

moderate and severe forms respectively, highlighting that 70.1% of the population which 

are over 65 are affected by some form of the disease (Frieden, 2013). Given the high 

percentage of adults affected, particularly those aged over 65, the economic impact of 

treatment and prevention is significant. In the United States alone periodontal disease is 

estimated to account for $4.4 billion in annual expenditure (Brown et al., 2002).

Links between periodontitis and the progression of a number of systemic diseases have 

also been examined. Evidence that periodontitis drives the development of rheumatoid 

arthritis has been put forward (Koziel et al., 2014), as well as evidence that periodontitis is 

a risk factor for cardio-vascular disease (Gu et al., 2011), chronic respiratory infections 

(Oztekin et al., 2014) and Alzheimer’s disease (Abbayya et al., 2015). One hypothesis



suggests that the chronic, low grade, inflammation caused by periodontitis can trigger the 

development or drive the progression of these diseases under certain circumstances.

1.2 The evolution of the aetiology of periodontitis

Historically periodontitis has been associated with a number of microbiological 

aetiologies. At the end of the nineteenth century it was widely accepted that dental 

infections including periodontitis were caused by non-specific out-growth of all bacteria in 

dental plaque (Black, 1884). This was later called the “Non-specific plaque hypothesis” 

(Loesche, 1976), it was believed that the levels of plaque directly accounted for the 

pathogenicity of disease without discriminating between differences in levels of virulent 

bacteria. This lead to mechanical removal of plaque becoming the main-stay in treatment 

and prevention of dental disease and is still used in treatment today (Rosier et al., 2014).

This theory had largely been abandoned by the mid-twentieth century as techniques for the 

isolation and identification of bacteria improved. By the 1970s a number of advances had 

been made in microbiological isolation and identification techniques including the 

development of the anaerobic hood. This led to the formation of the “specific plaque 

hypothesis” which held that oral diseases including periodontitis were inflammatory 

diseases caused by specific periodontopathogens and that treatment with antibiotics would 

be effective in disease treatment and management (Loesche, 1986a, Loesche, 1986b). 

Subsequent studies have shown that the introduction of antibiotics into treatment 

programmes has had only a modest effect on treatment success (Eberhard et al., 2008a, 

Eberhard et al., 2008b).

In the decade after the “specific plaque hypothesis” a number of potential

periodontopathogens were identified, including Bacteroides species. The identification of

bacteria that could be potentially linked to periodontal disease led to the idea that

periodontitis and other oral diseases could be initiated by specific pathogens. This idea was
6



continuously researched and resulted in the elucidation of Socransky’s complexes which 

include bacterial groups that are linked to periodontitis (Socransky et ah, 1998).

By using whole genomic DNA probes and checkerboard DNA-DNA hybridisation 

Socransky and colleagues were able to characterise the microbial community in 

periodontal pockets, upon characterisation they placed specific organisms into a colour 

coded system that reflected cluster analysis, community ordination and associated disease 

severity (Socransky et al., 1998). One of these complexes is the “red complex”. This 

complex is made up of Porphyromonas gingivalis, Tanerella forsythia and Treponema 

denticola. All of these organisms were found to be associated with more severe forms of 

periodontitis (Hajishengallis and Lamont, 2012).

In the early 1990’s the “ecological plaque hypothesis” was proposed which suggested that 

the development of disease is the result of an imbalance in the total micro-flora due to 

ecological stress which allows for the enrichment of some oral pathogens (Marsh, 1994). It 

essentially built on the work of another scientist, Theilades, which held that “increased 

virulence of plaque is due to plaque ecology that is unfavourable to the host” (Theilade, 

1986). Marsh expanded on this idea substantially and linked the changes in microbial 

composition to alterations in environmental factors such as pH, redox potential and the 

presence of nutrients. This work is widely respected today and it is still generally accepted 

that the environment influences dental plaque composition.

More recently, two intrinsically linked theories have been developed to explain the 

pathogenesis of periodontitis based on recent data from microbiome studies and rodent 

model experiments. These are the “keystone pathogen theory” and the “polymicrobial 

synergy and dysbiosis model”.

The “keystone pathogen” theory states that some microbial species have a disproportionate

effect on their environment relative to its overall abundance in a microbial niche. It
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suggests that a low abundance microbial pathogen can trigger inflammatory disease, such 

as periodontitis, by encouraging outgrowth of the normal micro-flora and by changing its 

composition. Building on this theory came the “polymicrobial synergy and dysbiosis 

model”. This is a disease that is caused by a reduction in the level of beneficial symbionts 

and/or a rise in the number of pathogenic species present. This concept is commonly 

referred to as dysbiosis (Hajishengallis and Lamont, 2012). Currently the mechanisms that 

maintain the stability or trigger changes in microbial composition are not fully understood.

Central to the concept of dysbiosis is the role of the keystone pathogen. In the case of 

periodontitis, one of the most important the keystone pathogens believed to trigger the 

process is Porphyromonas gingivalis. It is believed that it disrupts the normally 

homeostatic relationship that the microbial community has with the host and alters it to a 

dysbiotic state (Fig 1.2) (Darveau et al., 2012). As the dysbiotic community expands in 

size and number there is further disruption of tissue homeostasis and the destruction of 

periodontal tissue as mediated by pathobionts (Lamont and Hajishengallis, 2015).

Recent evidence suggests that these pathobionts include previously under-appreciated 

species such as Filifactor aloci and species from the genera Prevotella, Megasphoera and 

Desulfobulbus. Meta-genomic analysis, which focused on using 16s rRNA amplimer 

sequencing to characterise the subgingival microbiome in healthy and diseased patients, 

has shown that these species have as strong a correlation with severe forms of disease as 

the traditional species such as P. gingivalis (Dewhirst et al., 2010, Griffen et al., 2012).



a)

b)

Figure 1.2: Dysbiosis is a microbial shift disease, a) In the healthy mouth a balance is 

maintained between the oral micro-flora and the host responses, b) The introduction of P. 

gingivalis into the oral biofilm causes a shift in this balance where the oral micro-flora 

over grows and protective host responses are inhibited.



Another study has highlighted the importance of these species in the virulence of the 

overall microbial community present within the plaque biofilm. This meta-transcriptomic 

study, which focused on the gene expression profiles of the human oral microbiome both 

in health and disease, has shown that a large number of the virulence factors that are 

upregulated in the microbiome of periodontitis patients come from previously under- 

appreciated species that were not normally associated with the disease (Duran-Pinedo et 

al., 2014).

These studies have revolutionised the field in a number of ways; the meta-genomic studies 

that have been carried out have lead to the identification of several previously unknown 

bacterial species due to the fact that they were unculturable using standard methods. They 

have also allowed for the detection of species that although culturable may have been 

overlooked due to low abundance. These studies have facilitated a move away from 

looking at a few potential causative agents of periodontitis to one where the whole of the 

microbial community is considered in disease development (Dewhirst et al., 2010). Meta- 

transcriptomic studies have allowed us to understand how the microbes within the 

community interact with each other and in turn how the community as a whole interacts 

with the host, allowing the virulence of the community as a whole to be considered as well 

as singular species within that community (Duran-Pinedo et al., 2014)

The theory has been put forward that periodontitis requires a keystone pathogen such as P. 

gingivalis for disease initiation but that this pathogen is eventually out-competed in the 

later stages of the disease by the pathobionts which go on to further exacerbate the 

condition (Lamont and Hajishengallis, 2015). The behaviour of the periodontal microbiota 

conforms with the evolutionary biology theory known as the “Black Queen Hypothesis” 

which suggests that functions that are energetically costly to organisms on an individual 

level will be retained by a subset of members within the community because they benefit
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the community as a whole. Evolution in accordance with this theory produces 

“beneficiaries” of reduced function and genomic content that are dependent on the small 

subset of bacteria which retained functionality (Morris et al., 2012). It predicts the 

emergence of bacteria that could act as keystone organisms such as P. gingivalis: those that 

have kept a function that provides an essential service to other members of the microbiota 

(Lamont and Hajishengallis, 2015).

1.3 P. gingivalis; a keystone pathogen for an ancient disease

P. gingivalis, a gram negative, anaerobic coccobacillus, has been called the vampire of the 

microbial world (NM et al., 2003). Our journey with it in terms of research has been 

compared to Dante’s pilgrimage (Yilmaz, 2008). As an organism it is most commonly 

associated with chronic forms of periodontitis (Lamont and Jenkinson, 1998).

As a pathogen P. gingivalis has a substantial clinical impact, a number of studies have 

highlighted the strong association between the presence of P. gingivalis and chronic 

periodontitis (Colombo et al., 2006, Kato et al., 2014, Liu et al., 2003, Zeng et al., 2012). It 

has also been associated with the development of aggressive periodontitis in some 

populations (Sanchez et al., 2015).

P. gingivalis has other disease associations beyond periodontitis. Recent studies have

suggested that it may play a role in the development of atherosclerosis and numerous

hypotheses have been put forward. P. gingivalis DNA has been detected in human

atherosclerotic plaque suggesting that it may directly contribute to plaque development

(Kozarov et al., 2005). The organism has also been shown to invade human coronary artery

endothelial cells (Dom et al., 1999, Song et al., 2005). Studies carried out in an

apolipoprotein E (ApoE) knock-out murine model have shown that peptides from P.

gingivalis heat shock protein 60 (HSP60) can stimulate T-cell populations that are pro-

atherogenic (Jeong et al., 2015). This highlights how P. gingivalis can contribute to the
11



development of systemic diseases through triggering not only local inflammatory 

responses but systemic responses as well.

Colonisation with P. gingivalis is associated with increased gingival pocket depth, 

receding gums and alveolar bone loss due to resorption (Lamont and Jenkinson, 1998). A 

landmark study carried out in the 1980’s highlighted the importance of P. gingivalis in the 

development of periodontitis. In this study a group of non-human primates were infected 

with the organism and subsequently monitored. It was found that over the time course of 

the study the infected animals went on to develop the symptoms of periodontitis (Holt et 

ah, 1988). Studies such as this have suggested that P. gingivalis is the most important of 

the “red complex” organisms suggested by Socransky et al in 1998. However, the 

pathogenesis of periodontitis is now believed to be substantially more complicated while it 

is commonly recognised that the three organisms that form the red complex, P. gingivalis, 

T. denticola and T. forsythia are associated with more severe forms of periodontitis (Zhang 

et al., 2005a), some studies have found that “red complex” bacteria were below detection 

levels in diseased sites. This could be because other pathobionts, such as those identified in 

more recent 16s community profiling studies (Liu et al., 2012), had replaced the red 

complex organisms and were now driving the disease at these sites (Lamont and 

Hajishengallis, 2015). Rodent model data (see below) implies that P. gingivalis may 

stimulate outgrowth of other microbes, suggesting that its abundance may decrease as the 

infection progresses. It is also worth noting that red complex bacteria are frequently 

detected in low numbers in healthy sites (Bik et al., 2010). Clearly, further studies are 

required to investigate the dynamic nature of the subgingival microbiome during the 

development of periodontitis.

More recently P. gingivalis has been defined as a keystone pathogen for the development 

of periodontitis. It is also believed to be central to the development of the dysbiotic state
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associated with periodontitis. Numerous studies have been carried out that support both of 

these theories. In a rodent model of periodontitis it has been shown that the introduction of 

P. gingivalis into plaque at low levels could trigger changes in the composition of the 

dental plaque and lead to periodontitis (Kesavalu et al., 2007, Love et al., 2000). In germ 

free mice it has been shown that P. gingivalis alone is not sufficient to cause disease and 

that the presence of other commensal species is required for the initiation of the disease 

process, highlighting the importance of other species is the development of dysbiosis 

(Hajishengallis et al., 2011). Other studies carried out in rabbit models (Hasturk et al., 

2007) and non human primates have also highlighted the ability of P. gingivalis to initiate 

the development of periodontitis (Page et al., 2007). These studies support the hypothesis 

that P. gingivalis is a key-stone pathogen that requires and effects the growth of other 

members of the microbial community found in dental plaque during the development of 

periodontitis (Hajishengallis et al., 2011).

One of the main reasons why P. gingivalis is considered central to the “polymicrobial 

synergy and dysbiosis model” is the fact that it is capable of subverting host immunity. It 

has three major mechanisms which it uses to do this: (i) P. gingivalis is capable of Toll­

like receptor (TLR) response manipulation, (ii) it specifically targets key components of 

the complement response and (iii) subversion of interleukin-8 (IL-8) as well as other 

chemokines (Rosier et al., 2014).

1.4 P. gingivalis and Dysbiosis

P. gingivalis encourages the development of periodontitis by changing the normally 

symbiotic relationship with the oral micro-flora to a dysbiotic one through immune 

subversion (Fig 1.3). This facilitates the classic tissue destruction commonly found in 

periodontitis, where the plaque biofilm has accumulated on the tooth surface leading to the 

destruction of connective tissue and alveolar bone before finally causing in tooth loss (Fig

13



1.1). In healthy periodontal tissue the alveolar bone, which supports the tooth root, is 

covered by the oral epithelium and a specialised epithelium known as the junctional 

epithelium, which serves to connect it to the tooth surface The area between the tooth and 

the epithelium is referred to as the sulcus and is filled with nutrient rich gingival crevicular 

fluid. In this area a number of select innate immune defence mediators are present such as 

Toll-like receptors (TLRs), P-defensins, complement and lipopolysaccharide binding 

protein. These mediators all act in concert with each other and with other signalling and 

regenerative systems to ensure clearance and killing of overgrowth of bacteria in dental 

plaque, as well as working in co-operation with one another to ensure tissue homeostasis.

In periodontitis, P. gingivalis inhibits the innate host defence system, disrupting tissue 

homeostasis and facilitating the exposure of host connective tissue to the multi-species 

biofilm, which leads to further modulation of the host responses. This triggers the classic 

tissue destruction found in periodontitis leading to the destruction of the connective tissue 

and alveolar bone, resulting in tooth loss (Darveau, 2010). P. gingivalis facilitates the 

process of changing what would normally be a symbiotic relationship with the oral micro­

flora to a dysbiotic one through immune subversion (Fig 1.3) (Darveau et ah, 2012).

Within the oral microbiome there are a variety of interactions that take place. These 

interactions are facilitated by a number of processes including microbial co-aggregation 

where the bacteria stick to one another in close communities.

This sticking to each other facilitates the formation of the plaque biofilm which in turn 

stimulates the host immune response leading to periodontitis and encouraging the 

development of dysbiosis.

14
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Figure 1.3: Diagram outlining how P. gingivalis manipulates the host defence system to 

encourage the dysbiotic state in the oral cavity allowing for the development and 

progression of periodontitis. After (Darveau et al., 2012).
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P. gingivalis interactions with other species vary across the spectrum of synergy and 

antagonism. It has been shown that by simply introducing P. gingivalis into an oral biofilm 

the overall virulence of the biofilm increases, even when P. gingivalis is introduced in low 

numbers (Kesavalu et al., 2007, Love et al., 2000). The key to the ability of P. gingivalis to 

subvert host immunity lies in its ability to target key mediators of the host response, as 

well as how these processes interact with other bacterial species. Proteins of the 

complement system are present in gingival crevicular fluid at approximately 80% of the 

levels found in human serum (Hajishengallis, 2010). The system itself is composed of 

three distinct pathways (classical, alternative or lectin) which converge at the third 

complement component (C3). The activation of C3 triggers the production and release of 

effector molecules that have a number of functions (i) they can recruit and activate 

inflammatory cells (C3a and C5a) (ii) they can mediate microbial opsonisation and 

phagocytosis (C3b) and (iv) lead to lysis of targeted microbes via the membrane attack 

complex (Ricklin et al., 2010).

P. gingivalis plays a dual role in terms of complement manipulation, being able to activate 

and suppress components of the complement system. The main mediators of these 

processes in P. gingivalis are a group of multi-functional proteolytic enzymes referred to as 

the gingipains. The group consist of three enzymes RgpA, RgpB and Kgp and are encoded 

for by three separate genes rgpA, rgpB and kgp. All three enzymes cleave the amino acid 

sequence at amino acids with primary amine groups. RgpA and RgpB are specific for Arg- 

Xaa bonds, whereas Kgp is specific for Lys-Xaa bonds (NM et al., 2003). All three 

gingipains target the central component of the complement pathway, C3, successfully. 

However it has been shown that RgpA and RgpB are more potent than Kgp (Popadiak et 

al., 2007). By targeting the central component of the complement system P. gingivalis 

prevents deposition of C3b (an opsonsin) and the membrane attack complex on the 

bacterial surface (Fig 1.4) (Lamont and Hajishengallis, 2015).
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However as well as having an inhibitory role it has also been shown that the gingipains can 

activate complement rather than inhibit it. One potential reason for this is that a low level 

of complement mediated inflammation is beneficial to P. gingivalis and the microbial 

community as a whole. This is because it leads to increased flow of gingival crevicular 

fluid leading to higher levels of available nutrients (Popadiak et al., 2007). This could be 

reflective of what happens during early growth within the plaque biofilm, as P. gingivalis 

multiplies the levels of the gingipains could rise sufficiently to switch from stimulators to 

inhibitors of complement, thus protecting the biofilm as a whole (Lamont and 

Hajishengallis, 2015). P. gingivalis also has a degradation independent mechanism of 

complement protection. RgpA is capable of capturing C4b-binding protein on its cell 

surface allowing it to negatively regulate the classical and lectin binding pathways (Fig 

1.4) (Potempa et al., 2008). In vivo these mechanisms do not act on their own but rather in 

synergy with other species within the dental biofilm. The gingipains have been shown to 

act in synergy with karilysin which is produced by T. forsythia (Jusko et al., 2012) and 

interpain A that Prevotella intermedia produces (Potempa et al., 2009). P. intermedia is 

also able to activate complement when present in low numbers, aiding P. gingivalis in 

nutrient acquistion (Potempa et al., 2009). These synergistic interactions highlight the 

importance of the microbial community as a whole in encouraging the development of 

dysbiosis.

Toll like receptors are a class of pattern recognition molecules that play a major role in 

innate immunity. They are proteins which span the cellular membrane and have a common 

structural element in their extracellular region. This element consists of repeats of 24 to 29 

amino acids known as a Leucine rich repeat (LRRs). All TLRs contain several LRRs. Each 

TLR detects a specific repertoire of pathogen molecules that are generally highly 

conserved (e.g bacterial lipoproteins and peptidoglycans, flagella and double stranded 

RNA).
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Figure 1.4: Diagram showing how P. gingivalis uses the gingipains to manipulate the 

complement cascade. RgpA is used to coat itself in C4b shielding itself from immune 

surveillance mechanisms. The gingipains act in concert with one another to degrade the 

central components of the complement system preventing opsonisation and the formation 

of the membrane attack complex.
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P. gingivalis has developed a number of ways of both evading and manipulating TLR 

responses in periodontitis. In particularly the organisms interactions with TLR4 and TLR2 

have been well studied. One of the most unique ways it manipulates the TLR response is 

through remodelling the structure of its lipopolysaccharide (LPS). The bacterium is 

capable of altering the lipid A component of its LPS into three distinct forms; a mono- 

phosphorylated penta-acylated version which acts as a TLR4 agonist, a non- 

phosphorylated penta-acylated lipid A which is an evasive form and a mono- 

phosphorylated tetra-acylated lipid A that acts as a TLR4 antagonist. This shift in form is 

mediated through an enzyme that has lipid A phosphatase activity. By using the TLR4 

antagonist or evasive form P. gingivalis prevents the activation of nitric oxide synthase 

thus protecting its self from bacterial killing (Fig 1.5 a) (Darveau, 2010). It has been shown 

that the switch between forms is regulated in vitro by haemin concentration as well as 

being potentially regulated by temperature (Al-Qutub et al., 2006, Curtis et al., 2011).

Survival within macrophages has been linked to expression of the evasive or antagonistic 

form of lipid A. A study showed that P. gingivalis cells expressing these two forms of lipid 

A had enhanced survival rates in macrophages compared to those that expressed the 

agonist lipid A form (Wang et al., 2010). Protection against non-canonical inflammasome 

activation is also dependent on expression of the antagonistic form of lipid A (Slocum et 

al., 2014). In order for inflammasome activation to occur via this pathway, caspase-11 

must undergo oligomerization. This is a response that can normally be triggered by the 

LPS of Gram-negative bacteria (Lamont and Hajishengallis, 2015). However in the case of 

P. gingivalis modulation of the structure of its LPS allows it to avoid inflammasome 

activation, despite its LPS still binding caspase-11. The antagonistic form of lipid A binds 

to caspase-11 but no oligomerization of the receptor occurs and thus the inflammasome 

pathway fails to activate despite receptor binding (Fig 1.5 b) (Slocum et al., 2014).
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Figure 1.5: a) Using the antagonistic or evasive from of its lipopolysaccharide P. 

gingivalis binds to TLR4 but prevents the receptor from activating. This inhibits the 

activation of nitric oxide synthase and the production of free radicals preventing bacterial 

killing, b) Once internalised P. gingivalis inhibits non-canonical inflammasome activation 

by binding to the caspase- 11 receptor but preventing its oligomerization.
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P. gingivalis has developed a novel mechanism to avoid neutrophil killing. It has been 

shown that P. gingivalis blocks the TLR2-MyD88 pathway through crosstalk between 

TLR2 and the receptor for complement fragment C5a (C5aR). This crosstalk triggers 

ubiquitination and proteosomal degradation of IVIyD88 thereby blocking the pathways anti­

microbial activities. Instead the cross-talk between TLR2 and C5aR activates a pro- 

inflammatory TLR2-Mal-phosphoinositide 3-kinase pathway which inhibits phagocytosis 

by interfering with actin polymerisation while also promoting the nutrient rich pro- 

inflammatory environment preferred by periodontopathogens (Fig 1.6) (Maekawa et al., 

2014).

This ability to interfere with TLR signalling is beneficial to the microbial community as a 

whole. The interference of P. gingivalis with TLR2 based neutrophil killing has been 

shown to protect otherwise at risk species such as F. nucleatum (Maekawa et al., 2014). It 

also protects the biofilm against macrophages by blocking intracellular killing through the 

production of nitric oxide. Interfering with TLR2 and C5aR helps to inhibit the expression 

of inducible nitric oxide synthase (iNOS) via a cAMP-dependent mechanism (Wang et al., 

2010). This pathway can also be activated through TLR4 which P. gingivalis also 

effectively blocks (Lamont and Hajishengallis, 2015).

Cytokines and chemokines are of vital importance to the immune response. They are cell 

signalling molecules that act to mediate and regulate immune processes such as the 

recruitment of immune cells to sites of infection. Cytokines refer to a broad group of 

proteins, of which chemokines are a subset. Chemokines have a very specific function, to 

induce chemotaxis, namely the migration of immune cells such as neutrophils to the site of 

infection. In dysbiosis some key cytokines and chemokines are manipulated by P. 

gingivalis and other species in order to benefit the biofilm as a whole.
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Figure 1.6: Figure outlining the mechanism of action used by P. gingivalis to inhibit 

neutrophil killing. P. gingivalis blocks the TLR2-MyD88 signalling pathway via cross-talk 

with C5aR. MyD88 undergoes ubiquitination by SMURF-1 and subsequent proteosomal 

degradation. The cross-talk between the two receptors activates the pro-inflammatory 

TLR2-Mal-PI3K pathway inhibiting phagocytosis (Hajishengallis, 2015).
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One of the best studied examples of this is the ability of P. gingivalis to down-regulate IL- 

8 expression and production by gingival epithelial cells (GECs). In a normal healthy 

epithelium a gradient of IL-8 exists. GECs adjacent to the tooth surface produce IL-8 in 

response to dental plaque, this IL-8 diffuses into the surrounding area with concentrations 

found to be highest closest to the tooth surface (Darveau, 2010). The IL-8 acts as a guide 

for the recruitment of neutrophils to the gingival crevice. The importance of this response 

is highlighted in those who have genetic defects such as leukocyte adhesion deficiency. 

Individuals affected by this disorder fail to recruit leukocytes such as neutrophils to the site 

of infection. A side-effect of this genetic defect is that they suffer from severe and 

aggressive forms of periodontitis (Hajishengallis and Moutsopoulos, 2014). In 

periodontitis P. gingivalis disrupts this response by preventing the expression of IL-8 by 

GECs. In a process known as “local chemokine paralysis” it has been shown that GECs 

exposed to P. gingivalis fail to produce IL-8 despite receiving stimulation with bacterial 

species that are known to be potent induces of this chemokine (Darveau, 2010, Darveau et 

al., 1998).

The key mediator of this process in P. gingivalis is serine phosphatase B (SerB). SerB is a 

phosphoserine phosphatase which is essential to both inhibition of IL-8 and internalisation 

and survival within host cells (Bainbridge et al., 2010, Darveau et al., 1998, Takeuchi et 

al., 2013). When SerB comes into contact with epithelial cells it is secreted, where it has 

been shown to affect the cell signal transduction pathways that play a role in the control of 

the cytoskeleton architecture (Hasegawa et al., 2008). Once P. gingivalis is successfully 

inside the GEC, SerB also suppresses the production of IL-8 by dephosphorylation of RelA 

and p65 which play major role in the NF-kB signalling pathway.
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By targeting the S536 residue of p65, which is a subunit of NF-kB, the translocation of this 

subunit to the nucleus and thus the transcription of the IL8 gene is prevented (Fig 1.7) 

(Takeuchi et ah, 2013).

This prevents the IL-8 gradient from been established, encourages the development of the 

dysbiotic state and protects the microbial community as whole.

As with complement based suppression, other species act in synergy with P. gingivalis to 

suppress IL-8 production. T. denticola inhibits IL-8 production through its own novel 

mechanism. T. denticola acts very specifically to prevent internalised F. nucleatum fusing 

with lysosomes which may inhibit TLR based responses (Shin et ah, 2013). Both P. 

gingivalis and T. denticola are acting to reduce the response to pro-inflammatory species 

that are present in the biofilm such as F. nucleatum.

Apart from IL-8 P. gingivalis also affects the expression of other chemokines, particularly 

a number associated with the activation of T-helper 1 (Th-1) cells. It has been shown to 

inhibit the production of “interferon gamma-induced protein” (ICAP-IO/CXCLIO), 

“monokine induced by gamma interferon” (MIG/CXCL9) and “interferon-inducible T-cell 

alpha chemo-attractant” (I-TAC/CXCLl 1). These chemokines play an essential role in the 

recruitment of T-cells to infected sites. It was found that inhibition of these occurred at the 

genetic level. Inhibition of ICAP-10, MIG and I-TAC was found to be suppressed not by 

NF-kB mediated pathways but through the transcription factor IRF-1 which is controlled at 

a transcriptional level. The transcription factor STAT-1 is a known activator of IRF-1 and 

was found to be suppressed by P. gingivalis (Fig 1.8) (Jauregui et al., 2013) . It is worth 

nothing that P. gingivalis has also been shown to inhibit the expression and production of 

interleukin-2 (IL-2) which plays an important role in T-cell proliferation (Khalaf and 

Bengtssoa, 2012)..
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Figure 1.7: P. gingivalis SerB prevents the phosphorylation of p65, a key mediator in the 
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ofIL8
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As with lL-8 the inhibition of these chemokines is of a high enough level to protect the 

biofilm as a whole despite the presence of known inducers such as Fusobacterium 

nucleatum (Lamont and Hajishengallis, 2015).

As well as inhibiting the production of chemokines associated with T-cells P. gingivalis is 

also capable of stimulating them. It has the ability to induce interleukin-6 (IL-6) and 

interleukin-23 (IL-23) both of which have been shown to encourage the development of a 

Thl7 based cell response as opposed to a Th-1 response (Moutsopoulos et al., 2012). By 

targeting specific cytokines and chemokines P. gingivalis may be acting to skew the 

development of the T-cell response in favour of one that benefits itself and the microbial 

community as a whole. By reducing the development of Th-I based immunity and 

encouraging the development of a Th-I 7 mediated inflammatory response it is encouraging 

the development of a specific niche. Th-1 cells have been shown to play an essential role in 

dictating cell based immunity against periodontal pathogens and by suppressing this 

response P. gingivalis protects itself and the biofilm (Gemmell et al., 2007, Lamont and 

Hajishengallis, 2015). By encouraging Th-17 responses P. gingivalis is creating a niche 

environment for itself and other member of the biofilm, as studies have shown that Th-I 7 

cells are associated with inflammatory bone destruction commonly seen in periodontal 

disease (Lamont and Hajishengallis, 2015). This bone destruction opens new environments 

for P. gingivalis and other microbial species to occupy.

Through all of these mechanisms of immune subversion P. gingivalis protects not only 

itself but other microbial species from the immune system, thereby encouraging the 

development of dysbiosis. Its ability to act in synergy with other microbes to enhance these 

protective mechanisms highlights its role as a key stone pathogen within the bacterial 

community as well serving to highlight the importance of the shift from homeostasis to 

dysbiosis which is of central importance to disease progression and development.
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Figure 1.8: P. gingivalis prevents the transcription of chemokines associated with Th-1 

cells, ICAP-10, MIG and ITAC by inhibiting STATl and preventing the activation of the 

transcription factor IRF-1
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1.5 Virulence factors; a nasty side to P. gingivalis

Aside from the major mechanisms of immune subversion and evasion as outlined 

previously, P. gingivalis also has a number of other virulence factors which contribute to 

the development and progression of periodontal disease, as well as dysbiosis. Although 

these factors may not be major mediators of dysbiosis they do contribute to it and facilitate 

its establishment in the oral cavity through direct or indirect means.

As outlined previously, P. gingivalis uses a modulated form of its LPS to directly 

contribute to the initiation and development of dysbiosis by interfering with cell signalling 

pathways. These modifications are carried out by the lipid A phosphatase enzymes. In the 

absence of lipid A phosphates P. gingivalis can’t modulate the structure of its LPS. It has 

been shewn that mutants with locked LPS phenotypes due to mutations in lipid A 

phosphatase genes behave differently compared to the WT parent strain. Work carried out 

in a rabbit ligature model has shown that the WT strain but not the mutant strains could 

colonise the oral cavity. The data indicated that lipid A phosphatases are of significant 

importance in allowing P. gingivalis to establish initial colonisation in the oral cavity and 

once established lipid A phosphatase then goes on to aid the overgrowth of commensal 

species of bacteria by modulating the form of LPS as required. The same study 

demonstrated that the mutants with locked profiles and the parent strain all produced 

disease in the animal model but that the abundance and microbial species found were very 

different (Zenobia et al., 2014). Murine models of periodontitis have shown that the 

outgrowth of commensal species is vital to the establishment of disease (Hajishengallis et 

al., 2011). This serves to highlight the importance of lipid A as a direct mediator and lipid 

A phospnatases as indirect mediators of dysbiosis by facilitating the establishment of the 

biofilm early on and then subsequently protecting it from immune responses.
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P. gingivalis produces outer membrane vesicles which have been shown contribute to the 

organism’s virulence. It uses them as a means of shipping cargos of virulence factors into 

the surrounding environment. They are highly virulent, as they contain concentrated 

volumes of proteins involved in processes such as nutrient acquistion and immune 

dysregulation. Studies have shown that they were enriched for IhtB and HmuY, both of 

which play a key role in the acquisition of iron (Veith et al., 2014). They also contain LPS 

and the gingipains (Nakao et al., 2014). Indeed it has been suggested that OMVs which 

carry the gingipains may contribute to the overall tissue destruction observed in 

periodontitis. It has been shown in vitro that cellular detachment can be mediated by 

OMVs but that this detachment is inhibited by treatment of OMVs with anti-gingipain 

serum prior to cell line exposure (Nakao et al., 2014). OMVs actively contribute to the 

ecology of sub-gingival plaque; a recent study has shown that the OMVs produced by P. 

gingivalis can mediate the attachment of the non-motile bacterium Lachnoanaerhoculum 

sahhurreum to T. denticola which is highly motile. By coating T. denticola with its OMVs 

it facilitates the movement of non-motile bacterium into niches of the periodontal pocket 

that they would otherwise be unable to occupy facilitating development of the biofilm as a 

whole (Fig 1.9) (Grenier, 2013). All of these functions highlight the importance of OMVs 

to the overall health of the biofilm and to the development of dysbiosis through indirect 

means of either shipping key mediators to sites or direct means through tissue destruction 

and co-aggregation.

The capsule of P. gingivalis, also known as CPS or K-antigen, is also recognised as a 

major virulence factor (Brunner et al., 2010b). There are thought to be at least six different 

serotypes of P. gingivalis (Sims et al., 2001). It should be noted that not all strains of P. 

gingivalis are encapsulated. Its presence is something of a mixed blessing.
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Figure 1.9: The OMVs produced by P. gingivalis play a role in biofilm formation and 

bacterial co-aggregation. They can coat the surface of the highly motile T. denticola which 

the non-motile L. sabhurreum uses to adhere to T. denticola.
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Those that are encapsulated have been shown to have increased invasion capabilities 

compared to non-encapsulated strains. In a murine lesion model it was demonstrated that 

encapsulated strains could cause systemic infection where as non-encapsulated strains 

could only caused localised infection (Laine and van Winkelhoff, 1998). Encapsulated 

strains have also been found to be more resistant to phagocytosis by polymorphonuclear 

leukocytes than non-encapsulated strains (Sundqvist et al., 1991). The presence of the CPS 

may play a role in protecting against the innate immune response. A study has shown that a 

non-encapsulated mutant strain induced higher levels of cytokine production by human 

gingival fibroblasts in comparsion to the WT parent strain (Brunner et al., 2010a, Brunner 

et al., 2010b, Laine and van Winkelhoff, 1998). However the presence of the capsule is not 

always beneficial to the organism. Non-encapsulated strains are substantially better at 

adherence in comparsion to their encapsulated variants, it has been shown that there are 

differences depending on the serotype of the capsule, with capsule type 4 adhering slightly 

better than the other variants (Dierickx et al., 2003)

The ability of P. gingivalis to adhere to and invade cells is vital to the development of

dysbiosis. Without cellular access SerB will not act to down-regulate IL-8 production

which is one of the key mechanisms involved in the immune subversion tactics used to

establish dysbiosis, as discussed previously. P. gingivalis is capable of adhering to and

invading a variety of cell types. One of the key mediators of adherence and invasion in P.

gingivalis is the Type I (major) fimbriae which is encoded for by the fimA genes. P.

gingivalis produces a number of sub-types of fimbriae, with some being more adhesive

than others. Strains of P. gingivalis can be classified based on the fimbriae encoded for by

the fimA genes (Gao et al., 2012). It’s well established that fimbriae play a role in the

ability of P. gingivalis to adhere to various oral substrates and molecules, such as proline

rich proteins and glyco-proteins, as well as to other microbial species and host cells, all of

which are vital in the establishment of the dental biofilm (Amano et al., 2004, Lamont and
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Jenkinson, 1998). P. gingivalis has been shown to invade gingival epithelial cells by a 

mechanism that is dependent on the binding of its major fimbriae to pl-integrin leading to 

re-arrangements in the actin cyto-skeleton (Yilmaz et al., 2002, Yilmaz et ah, 2003). It is 

also worth noting that the various sub-types of P. gingivalis fimbriae are associated with 

variation in the organism’s invasion capability depending on the sub-type the strain 

possesses (Inaba et ah, 2008). Indeed some strains which do not possess fimbriae are 

considered more virulent than those that do. These strains are still capable of invasion, 

albeit to a lesser extent (Inaba et ah, 2008).

Once inside the cell P. gingivalis can extend the cellular lifespan. It does this in a number 

of ways: it produces adenosine triphosphate (ATP)-hydrolysing enzymes that inhibits ATP 

induced apoptosis. The organism produces and secretes an ATP-utilising enzyme, 

nucleoside diphosphate kinase, which acts in an anti-apoptotic manner to prevent ATP 

based apoptosis (Yilmaz et ah, 2008). The organisms also encourages a pro-survival 

phenotype for itself by accelerating the cell cycle through the S-phase by modulating 

pathways that p53 and the cyclins play a key role in (Kuboniwa et ah, 2008).

P. gingivalis can also prevent mitochondrial based apoptosis. The organism is capable of 

preventing the release of cjdochrome C, a key mediator in the initiation of mitochondrial 

apoptosis (Yilmaz et ah, 2004). It activates a number of signalling pathways which induce 

an anti-apoptotic phenotype, such as the “Janus Kinase/ signal transducer and activator of 

transcription 3” (JAK/STAT3) and “Phosphatidylinositol 3-kinase/Protein kinase B” 

(PI3K/Akt) pathways. Activation of these pathways in primary gingival epithelial cells has 

been shown to cause cells to become resistant to cell death from a number of anti-apoptotic 

molecules including extracellular ATP (Yilmaz et ah, 2004). P. gingivalis inhibits the 

function of members of the caspase family which play a role in programmed cell death.
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The organism acts on caspase 3 and caspase 9 and it is able to deactivate “bcl-2-associated 

death” (Bad) signalling, which is pro-apoptotic (Boisvert and Duncan, 2010).

P. gingivalis can also successfully spread from cell to cell through actin cytoskeleton 

bridges without passing through extracellular spaces. It does this without triggering cell 

death in GECs and it may act as a means of immune evasion particularly regarding the 

humoral immune response (Yilmaz et ah, 2006).

P. gingivalis has well established proteolytic activity through its gingipains. The 

maturation of the gingipains is dependent on the FOR secretion system which is in turn 

linked to carbohydrate biosynthesis. This pathway is regulated by several proteins 

including VimA, VimE and VimF (Vanterpool et al., 2004). VimE is independently 

expressed of VimA and plays a role in modulating the proteolytic activity of the gingipains 

in strain W83 (Vanterpool et al., 2004). VimF is essential to gingipain maturation; it is a 

glycoprotein with galactosyltransferase activity which plays a role in gingipain 

glycosylation (Muthiah et al., 2013).

The gingipains play an essential role in the virulence of P. gingivalis. As outlined 

previously they degrade members of the complement cascade there by directly contributing 

to the development of dysbiosis. However they also contribute massively to nutrient 

acquisition and cellular invasion. Studies have found that RgpA and Kgp gingipains (also 

termed as HagD & Hag E, section 1.6) have adhesive haemagglutinin encoding domains 

that play a role in adhesion to a number of cell types including epithelial cells and gingival 

fibroblasts (Chen and Duncan, 2004) (Andrian et al., 2004). They may also affect vascular 

permeability at the site of infection. The argine gingipains (RgpA & RgpB) can activate 

plasma bradykinin and kallikrein or in contrast to this trigger increased levels of thrombin 

and pro-thrombin. This can lead to increased vascular permeability at the site of infection 

(Imamura et al., 2001a, Imamura et al., 2001b). Kgp which is a Lys- gingipain has also
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been shown to be capable of fibrinogen degradation (Scott et al., 1993). This could 

encourage increased bleeding at the site of infection and thus an increase in the levels of 

available nutrients (Bostanci and Belibasakis, 2012).

The role of the gingipains in haem acquisition has been widely studied. They are well 

documented haemagglutinins and haemolysins that work in conjunction with the Hmu 

system of haem uptake, acting to facilitate the acquistion of haem from oxygenated 

haemoglobin through proteolytic mediated mechanisms (Li and Collyer, 2011). The freed 

haem is then acquired by the dual component Hmu uptake system, which consists of 

HmuY and its receptor HmuR (Olczak et al., 2008). It is worth noting that liberation of 

haemoglobin from red blood cells is facilitated by several proteins with hemagglutination 

activity (HagA- E). The gingipains RgpA and Kgp possess hemagglutination domains 

which account for a proportion of this activity, with the remaining hemagglutination 

activity been accounted for by HagA, HagB and HagC, as well as other proteins.

1.6 The role of the hag genes in P. gingivalis:

P. gingivalis possesses at least eight haemagglutinins, a subset of which are known as the 

Hag proteins. The Hag proteins are encoded for by five genes, hagA - hagE. The hagD and 

hagE genes are pseudonyms of rgpA (Oralgen, 2009a) and kgp (Oralgen, 2009b). The 

function of the proteins encoded for by both of these genes has been discussed previously 

(Section 1.5).

Based on amino acid sequence homology, the Hag proteins can be divided into two main 

sub-families (Fig 1.10). The HagA, HagD and HagE proteins have been shown to have 

>70% homology each other whereas HagB and HagC have 98.6% homology.
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HagAW83
HagA ATCC33277 
HagD W83 
HagD ATCC33277 
HagE ATCC33277 
HagE W83

HagB W83 
HagB ATCC33277 
HagC W83 
HagC ATCC33277

Figure 1.10: Phylogentic analysis of HagA-HagE in two strains of P. gingivalis (Strain 

ATCC33277 and W83). Homology and phylogenetic distances were determined using 

ClustalW.

PG1720 PG1722.1 PG1723

Figure 1.11: The HagB and hagC locus in strain W83 of P. gingivalis showing that the two 

genes are located chromosomally close together.
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The hagB and hagC genes are located closely together on the chromosome (Fig 1.11) and 

form a distinctly separate group from other Hag proteins (Fig 1.10) (Lepine et al., 1996)

As a group, the most widely studied members are RgpA and Kgp whose role in virulence 

and in the development of dysbiosis has been established, as outlined previously. HagA 

has been shown to play a role in adherence and invasion to a number of cell types 

including GECs and human coronary artery endothelial cells (HCAEs) which is of note 

given that P. gingivalis has been linked to the development of atherosclerosis (Belanger et 

al., 2012). HagA potentially plays a role in co-aggregation with T. denticola. One study has 

shown that the interactions of P. gingivalis with other bacterial species, such as T. 

denticola, leads to increased adhesive properties through adhesion domain containing 

proteins including HagA (Meuric et al., 2013).

The expression of hagA has been shown to be affected by levels of adrenaline and nor­

adrenaline and stimulation with catecholamines leading to higher levels of hagA (Graziano 

et al., 2014). The gene is also up-regulated in response to oxidative stress (Meuric et al., 

2008). The HagA protein is highly immunogenic. In a murine model sublingual 

vaccination with a fusion protein made of Escherichia coli maltose binding protein and the 

functional domain of HagA was shown to be protective against P. gingivalis infection in 

the oral cavity through Thl-type and Th2-type mediated immunity (Yuzawa et al., 2012).

Comparatively little is known about the function of the hagB and hagC genes. HagB is the 

more studied of the two and research on the role of hagC is sorely lacking. This could be 

due to the fact that it was assumed that these genes were functionally redundant and 

potentially essential to the genome.
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1.7 The hagB and hagC genes of P. gingivalis

The hagB and hagC genes form a separate group distinct from the other hag genes. They 

were first identified in 1995 (Progulske-Fox et ah, 1995). They encode proteins that are 

98.6% identical to one another, with minor difference seen at the N-terminus of the 

sequence (Figure 1.12). The hagB and hagC genes are located closely together on the 

chromosome and are uniformly present amongst strains. This highlights that both genes are 

highly conserved between strains of P.gingivalis (Fig 1.13) and that maintenance of both 

genes is required, potentially for optimum growth and nutrient acquisition. Both HagB and 

HagC have haemagglutination activity indicating a role for them in the acquisition of 

haem, an essential nutrient for P. gingivalis.

The genes are under the control of different promoter sequences and are expressed 

separately to one another. They are differentially regulated by factors including growth 

cycle phase and environmental iron levels (Lepine and Progulske-Fox, 1996). Expression 

of hagB and hagC is directly regulated by HaeR in P. gingivalis strain ATCC 33277. This 

study examined global gene expression under conditions of different haemin concentration. 

The hagB gene was found to be expressed under all conditions whereas hagC transcripts 

were only detected when there was no haemin present in the media (Scott et ah, 2013). 

Another study demonstrated a role for clpB in hagB expression. Mutant studies showed 

that in the absence of clpB, hagB was found to be downregulated. The clpB mutant was 

also found to be less capable of invasion that the WT strain (Yuan et ah, 2007), an affect 

that the down-regulation of hagB could contribute too. When expression patterns of genes 

induced by oxidative stress was examined in P. gingivalis using mutant studies, the results 

showed that hagB expression was stable during exposure to air (Meuric et ah, 2008).
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98.0% identity in 350 residues overlap; Score: 1727.0; Gap frequency: 0.0%
MTVENLRLQRLQNLEHYREaKNVLTLCRTANIAKLNPKLPELEKAIEMEDLALNPPVANE 
MTAEIFSFSRIQNLEHYREAKNVLTLCRTANIAKLNPKLPELEKAIEMEDLRLNPPVANE 
** * ***************************************************************

LTPQVIALDEERDRAYQAIMSRVRSYAFDEDSQLRNAAARIEDVAARYGNVIRMNYDKET 
LTPQVIALDEERDRAYQALMSRVRSYAFDEDSQLRNAAARIEDVAARYGNVIRJJNYDKET

AAIENFLTDLKGENIRPLVTKLGVTALVDRLEKNNKAFADFFLRRLSTDQRGKYDVKALR 
AAIENFLTDLKGENIRPLVTKLGVTALVDRLEKNNKAFADFFLRRLSTDQRGKYDVKALR 
************************************************************

AETDRTLVAWRRMDSIDDMEPSPEIRALIELYNRLVANRRALLARRASYGEAAVEKRRA 
AETDRTLVAWRRMDSIDIMEPSPEIRALIELYNRLVANRRALLARRASYGEAAVEKRRA ****************************************************************

EIAEMLRPLLARIVEEKKTAVFAGRTLGTGKNRHYLITFVAENGDEEDRWYRINGEQLVY 
EIAEMLRPLLARIVEEKKTAVFAGRTLGTGKNRHYLITFVAENGDEEDRWYRIDGEQLVY

VPEDELPKPKKKKKPASSTDTPSEPPVLPDPSQGGSSSGGGEQGSTGGGL 
VPEDELPKPKKKKKPASSTDTPSEPPVLPDPSQGGSSSGGGEQGSTGGGL 
**************************************************

Figure 1.12: Image showing the amino acid sequence alignment of HagB and HagC to one 

another. They share 98% identity to one another with differences seen at the N’-terminus 

of the sequence.

HagB, 24
HagC, 1

HagB, 84
HagC, 61

HagB, 144
HagC, 121

HagB, 204
HagC, 181

HagB, 264
HagC, 241

HagB, 324
HagC, 301
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Figure 1.13: Image taken from the Artemis comparsion tool (ACT) software package 

which allows comparison of genomic synteny and homology. Three strains of P. gingivalis 

were compared, strain ATCC33277, W83 and TDC60. Regions in red are highly 

homologous to one another. Image shows that the hagB and hagC genes are highly 

conserved genes despite genomic rearrangements which occur around them.

39



It is believed that hagB and hagC are both expressed at various stages during the infectious 

processes as demonstrated using an in vivo expression technology vector termed pGIVET 

in strain Pg381 (Lee et al., 1996). The fact that these genes are expressed during the 

infectious process highlights their role as potential virulence factors and that they may 

potentially play a role in the pathogenesis of periodontitis.

The hagB and hagC genes encode for 39-kDA polypeptides that share ~ 98% identity to 

one another, HagB has a pi of 8.42. Transmission electron microscopy has confirmed its 

presence on the surface of P. gingivalis and HagB can be expressed on the surface of a 

number of bacterial species including E. coli and Salmonella as well. Given the high levels 

of homology between hagB and hagC it is likely that they are both located on the cellular 

surface of P. gingivalis (Borgwardt et al., 2014, Isoda et al., 2007, Lepine et al., 1996, 

Song et al., 2005). Aside from knowing that these proteins are expressed on the bacterial 

surface other important aspects such as their structure and how they are anchored to the 

cell wall remain to be elaborated on.

Recent studies have shown that binding of antimicrobial peptides to HagB may be 

important in the attenuation of the pro-inflammatory immune response. Recombinant 

HagB can bind to human-beta-defensin 3 (HpD3) which is an anti-microbial peptide found 

in the oral cavity. It is present in saliva and gingival crevicular fluid at a concentration of 

6.2 pg/ml and it is recognised as playing a role in inflammation through the stimulation of 

cytokine production (Harvey et al., 2013).

In human myeloid dendritic cell cultures, binding of recombinant HagB (rHagB) by HpD3 

attenuates the production of interleukin -6 (lL-6), interleukin-10 (IL-10) and granulocyte 

macrophage colony stimulating factor (GM-CSF). This binding was also found to attenuate 

the ERKl/2 response, which is a cell-signalling pathway closely associated with 

inflammation (Pingel et al., 2008). The attenuation of this response is because the binding
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of HPD3 to rHagB alters but does not inhibit the binding of P. gingivalis HagB to the 

surface of human dendritic cells. This alteration in binding prevents rHagB from 

penetrating the dendritic cells. The receptor rHagB uses for this binding has yet to be 

established (Van Hemert et al., 2012).

In studies carried out to establish how HpD3 regulates the chemokine and cytokine 

response to pro-inflammatory response rHagB was found to be as immuno-reactive as E. 

coli 055:B5 endotoxin. It elicited a pro-inflammatory response from myeloid dendritic 

cells, with a strong response in 21 chemokines and cytokines (Harvey et al., 2013).

It has been shown that rHagB is a TLR4 agonist for human dendritic cells (Gaddis et al., 

2009). Immunization with rHagB leads to the triggering of a rHagB-specific CD4^ T cell 

response. This response can in turn be shaped by TLR4 signalling through components of 

the TLR4 signalling cascade. The myeloid differentiation response gene 88 (MYD88) was 

found to play a role in shaping the T-cell response to rHagB, while TIR domain containing 

adaptor inducing interferon P (TRIP) actively participates in the co-ordination of memory 

inflammatory cytokine production after HagB ligates TLR4. The study also highlighted the 

ability of rHagB to act as a TLR4 agonist and as an immunogen as opposed to a super 

antigen (Gaddis et al., 2011). This is an important consideration given rHagB status as a 

potential vaccine candidate against P. gingivalis infection.

In a murine model it has been demonstrated that rHagB has vaccine potential. Mice 

immunized with rHagB showed increased levels of Hag serum immunoglobulin (Ig) G and 

salivary IgA (Dusek et al., 1994). This effect was enhanced when mono-phosphoryl lipid A 

was used as an adjuvant to potentiate a specific antibody response to rHagB. Post 

intranasal vaccination in mice it was found that in the presence of the adjuvant better 

immunity was induced than to rHagB alone, with increased levels of IgG being produced 

(Yang et al., 2002). Another study carried out in a rat model showed that immunization

41



with rHagB significantly reduced bone loss (Katz et al., 1999). Given that these genes are 

highly homologous to one another it is likely that HagC has similar potential, though as of 

yet very little work has been carried out on it in this area.

HagB has also been shown to mediate the attachment of P. gingivalis to HCAEs. 

Expression studies carried out in E. coli showed that the surface expression of HagB 

allowed the bacterium to attach to the cells. The attachment of P. gingivalis strain 381 or 

the E. coli strain expressing rHagB to HCAEs was inhibited by antibodies to HagB or 

rHagB itself in a dose dependent manner when antibodies to HagB or rHagB were used 

(Song et al., 2005).

The exact role of hagB or hagC in the process of dysbiosis has yet to be fully established. 

Previous attempts to generate a double hagBIhagC mutant were unsuccessful suggesting 

that these genes may be essential to the growth of the bacterium (Lepine et al., 1996). 

Another possible reason for this may be the high homology between the two genes, which 

could mean that it is very difficult to create specific, sequential knock out mutants. Due to 

the high homology between hagB and hagC, it is likely that these genes are functionally 

redundant, indicating that a double mutant is required in order to fully appreciate the 

phenotypic effects of a Hag mutant. It is hoped that the work carried out here will elaborate 

further on the individual function of each gene. Previous studies of the single hagB or 

hagC mutants have shown a defect in haemagglutination but analysis of host cell 

interactions or biofilm formation have not been investigated. A double hagBIhagC mutant 

would allow us to fully investigate the role of these proteins in these processes and 

determine if a vaccine induced antibody response to these antigens could effectively inhibit 

colonisation by P. gingivalis.
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1.8 Defining a role for genes whose function is poorly understood in P. gingivalis

While many important genes that play a role in the infectious process of P. gingivalis have 

been identified in recent years, there are still many genes within the P. gingivalis genome 

where function is poorly understood. It is essential that we elaborate on the role of these 

genes so that their role in the infectious process can be more clearly defined.

A cormnon technique used to establish gene function is insertional mutagenesis, where the 

function of the gene is interrupted and it ceases to code for a viable protein product. The 

effect that this mutation has on phenotype is then studied e.g. how the mutant interacts 

with cell lines in comparsion to the WT parent strain. It is a technique that has been 

commonly used to establish the role of genes in the virulence of P. gingivalis (Simpson et 

al., 2000, Vanterpool et ah, 2004). However this technique is not without limitations: (i) 

the function of only a small number of genes can be studied at any given time, and (ii) it is 

a lengthy process with cassette creation and mutagenesis taking time which is exacerbated 

by the slow growth rate of P. gingivalis

Transposon mutagenesis offers an alternative approach to traditional methods outlined 

above and is an important tool for creating inactivation mutants. The value of transposon 

mutagenesis is based on the fact that the transposable element inserts randomly into sites 

throughout the host’s genome, while giving only one insertion per mutant strain (Hayes, 

2003).

Early attempts to use this technique in P. gingivalis had limited success. They were 

hindered by both using transposons based on Tn4435 and Tn4400 which preferentially 

inserted into certain regions of the chromosome (“hot-spots”) and the limited range of P. 

gingivalis strains that were available for mutagenesis (Chen et al., 2000, Takada and 

Hirasawa, 1998). However huge advances have been made in the field using a Mariner

transposon in P. gingivalis (Klein et al., 2012). This system has been shown to be highly
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effective in a diverse range of species (Lampe et al., 1999, Lampe et al., 1996). A recent 

major advance in the analysis of bacterial transposon libraries, including Mariner based 

systems, has been the application of massively parallel sequencing technology to 

quantitatively identify the location of the transposons in a library pool by sequencing the 

transposon-genome junction. This strategy is commonly known as “Tn-Seq”. Using this 

method the lag between gene discovery and gene function can be addressed as it allows for 

putative gene function to be established, as well as facilitating higher order genome 

organisation (van Opijnen and Camilli, 2013). It has already been used to identify the 

essential genes of P. gingivalis (Klein et al., 2012) and we believe it has the potential to 

establish the role of genes of unknown function through an adaptive screening method that 

can implicate processes that the genes are involved in, thus elaborating on their function.

1.9 Rationale for this study:

As outlined earlier the exact role of hagB and hagC in the virulence of P. gingivalis has yet 

to be established. Although single mutants have been made previously there has been no 

successful attempts to generate a double mutant of these genes (Lepine et al., 1996), which 

is vital to enhancing our knowledge of the role that they play in the development of 

periodontitis and how vaccine induced blocking antibody responses could protect from P. 

gingivalis colonisation.

A further section of the study focuses on developing a novel screening method that would 

allow for rapid analysis of genes involved in virulence processes linked to cellular 

invasion. By screening a transposon mutagenesis library through our established adherence 

and invasion assay protocols and downstream sequencing technology we were able to 

identify candidate genes which may play a substantial role in both of these virulence 

processes.
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specific aims of the project are:

• Develop a mutagenesis procedure to generate a hagB/hagC double mutant

• Characterise the role of hagB and hagC in haem acquisition and host cell 

interactions

• Develop a Tn-Seq screen to identify P. gingivalis genes required for interaction 

with host cells.
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Chapter Two

Materials and Methods
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2.1 General Microbiology Methods

2.1.1 Strains

The P. gingivalis strains used in this study are outlined in Table 2.1. The majority of 

strains were acquired from the Dublin Dental University Hospital microbiological strain 

collection at Dublin Dental University Hospital, University of Dublin, Trinity College, 

Lincoln Place, Dublin 2.

Plasmid pJWl was obtained from Prof. A. Progulske-Fox, University of Florida. The 

ATCC 33277 fimA mutant was obtained from Hua Xie, School of Dentistry Meharry 

Medical College, Nashville. The ATCC 33277 transposon mutagenesis library was 

obtained from Brian Klein Department of Molecular Biology and Microbiology, Tufts 

University Sadder School of Biomedical Sciences, Boston.

2.1.2 Bacterial culture methods 

2.1.2.1 P. gingivalis:

P. gingivalis strains (Table 2.1) were grown and maintained routinely on Tryptic Soy Agar 

(TSA) supplemented with 5 g/1 yeast extract (Sigma-Aldrich, Co. Wicklow, freland), 0.50 

g/1 L-cysteine hydrochloride (Sigma-Aldrich), 5.0 pg/ml hemin (Sigma-Aldrich) and 1.0 

pg/ml menadione (Sigma-Aldrich) and 5% horse blood (Oxoid Limited, Wade Road, 

Basingstoke, Hampshire, England). Bacteria were incubated at 37°C in BBL gas jars under 

anaerobic conditions generated by AnaeroGen gas packs (Oxoid), when required media 

was supplemented with 5.0 pg/ml erythromycin, 0.25-2.0 pg/ml tetracycline (Sigma- 

Aldrich) or 10 pg/ml chloramphenicol (Sigma-Aldrich).
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Table 2.1: P. gingivalis strains used in this study and their hagB and hagC genotype. 

Mutant strain names were assigned by the laboratory where the mutants were made.

Strain Genotype Parent strain

P. gingivalis W83 hagB/hagC n/a

ECMIOO AhagB: :ErmF W83

ECM200 AhagC::TetQ W83

ECM233 AhagB'..ErmF, AhagO.'.TetQ ECM200

DK03 AhagB'.'.ErmF, AhagO.'.TetQ ECM200

GMClOO hagB'.'.cat ECM233

P. gingivalis ATCC33277 hagB/hagC n/a

{/^hagB) ATCC33277 AhagB'.'.ErmF ATCC33277

(AfimA) ATCC33277 hagB/hagC ATCC33277
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For broth cultures supplemented Tryptic Soy Broth (sTSB) containing 5 g/1 yeast extract 

(Sigma-Aldrich), 0.50 g/1 L-cysteine hydrochloride (Sigma-Aldrich), 5.0 pg/ml hemin 

(Sigma-Aldrich) and 1.0 pg/ml menadione (Sigma-Aldrich) was used.

2.1.2.2 E.coli:

Escherichia coli strain XLlO-gold (endAl glnV44 recAl thi-1 gyrA96 relAl lac Hte A 

(mcrA) 183 A (mcrCB-hsdSMR-mrr) 173 tet*^ F'[proAB lacI‘'ZAM15 TnlO (Tet*^ Amy 

Cm*^)] was used as the host strain for all plasmids. All strains were maintained on Luria- 

Bertani (LB) agar and were incubated aerobically at 37°C. For liquid cultures, strains were 

incubated aerobically at 37°C with shaking at 200 r.p.m in LB broth. When required media 

was supplemented with 100 pg/ml ampicillin (Sigma-Aldrich), 300 pg/ml erythromycin 

(Sigma-Aldrich), 5 pg/ml tetracycline (Sigma-Aldrich) or 10 ug/ml chloramphenicol 

(Sigma-Aldrich).

Identification of recombinant plasmids in E.coli XL-10-gold was facilitated by blue/white 

screening (indicating insertional disruption of the lacZ gene). Transformed cells were 

selected onto Luria Bertani X-gal (LX) plates.

LX plates were made from 500 ml LB agar containing 200 pi of X-Gal (Sigma-Aldrich) 

from a 100 mg/ml stock, 500 pi ampicillin (Sigma-Aldrich) from a 100 mg/ml stock and 

100 pi IPTG (Sigma-Aldrich) from a 200 mg/ml stock.

2.1.3 Buffers and solutions

Formulations for specific buffers and solutions used are described in the relevant 

experiments during which they were used. When required solutions were sterilised by 

filtration or autoclaving as described below.
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All solutions were made up to a final volume with sterile, ultra-pure (Milli-Q) water 

processed using a MilliQ Biocel system (Merck-Millipore, MA, USA), unless otherwise 

stated.

When a solution was required to be a specific pH, pH was measured using a Thermo 

Scientific Orion 3-Star bench-top pH meter (Thermo-Fischer Scientific, Ballycoolin, 

Dublin 15, Ireland) and adjusted to higher pH using 5 M Sodium Hydroxide (NaOH) 

(Sigma-Aldrich) or lower pH using 37% (v/v) Hydrochloric acid (HCl) (Sigma-Aldrich).

Sterilisation by filtration based methods involved passing a solution through a Steritop 

Vacuum-driven filtration system with a 0.22 pM membrane (Merck-Millipore) assisted by 

a vacuum pump, into previously sterilised glassware. Sterilisation of solutions by 

autoclaving was carried out in a Tomy SX-700 portable autoclave (Digital Biology, Tokyo, 

Japan), which was set to 121 °C for 15 min. The success of autoclaving was monitored with 

defend autoclave tape (MyDent, International, NY USA).

Tris-EDTA (TE) Buffer was routinely used in experimentation at a 1 X concentration. 1 X 

TE buffer was made of 10 mM Trizma base (Sigma-Aldrich) brought to pH 8.0 with HCl 

as well as 1 mM Ethylenediaminetetraacetic acid (EDTA) (Sigma-Aldrich).

2.1.4 Chemicals, enzymes, reagents and antibiotics

Suppliers for specific chemicals, enzymes, reagents and antibiotics are given in the 

relevant sections of this study. The main suppliers are detailed below.

The chemicals, reagents, enzymes and antibiotics used were all of molecular biology grade 

and sourced from the following companies: Promega (Promega Corporation, Madison, 

Wisconsin USA), Qiagen (GmbH, D-40724 Hilden), Sigma-Aldrich (Sigma-Aldrich Inc, 

3050 Spruce St, St Louis, MO 63103 USA 314-7771-5765).
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2.1.5 Oligonucleotides

All oligonucleotides were designed as part of this study unless otherwise stated (Tables 2.2 

and 2.3). Prior to purchase, specificity of oligonucleotide sequences were assessed using 

BLAST nucleotide (BLASTn). The oligonucleotide sequence was uploaded to the server 

and tested against the relevant genome in order to ensure specificity for the intended target.

Custom s3Tithesized oligonucleotides (primers) were produced by Sigma-Aldrich for this 

study through their online ordering system. Oligonucleotides were received in a lyophilised 

form before being re-suspended in the appropriate volume of sterile molecular grade water 

(Sigma-Aldrich) to make stock concentrations of 100 pM.

2.1.6 Storage of isolates

All strains used in this study were stored for future laboratory use. Strains were stored at - 

80°C and were processed the same way regardless of species. Single colonies from pure 

cultures on fresh agar plates were used to inoculate 1.5 ml vials containing cryogenic beads 

and cryopreservatives (Microbank, Pro-Lab Diagnostics, Cheshire, UK). The vial was 

gently shaken to ensure homogenisation. After homogenisation, excess cryopreservative 

was removed from the vial. Vials were labelled and stored at -80°C in an ultra-low 

temperature freezer.

In order to reactivate eultures, vials were removed from storage and a single “cryobead” 

was removed from the vial and placed onto suitable fresh agar for incubation as outlined in 

section 2.1.2
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Table 2.1: Characteristics of PCR primers used in this study

Primer Sequence (cut sites underlined ) Amplicon length (bp)

HagBIF ATATTGGAGGTATCCGTACCT 922

ErmlR GCTATCTTTGCTTTATTGTC 922

ErmlF TTTCATCCTTCGTAGTTCAAAG 2500

HagBIR GCATTTTCTTACTTGCGTC 2500

HC1_IF CAATAGTATTGTTGTGCCAG 1200

HCIJR CTATATCCATAGAGTCCGTTATG 1200

HC2_IF CAGCTGACCCCTTATGTCTTCA 1200

HC2_IR ATTATAGCGGAGGGAAATTGCT 1200

TetQF GGGGGATCCGGGGGGAAATACTAAATGC

(underlined:RamHI)

2700

TetQR GGGACTAGTAGCTCGTCTATTTTTTTATT (underlined: SdcD 2700

HagCFl GGGCTCGAGACCTGCAGAGTATGTA (underlined: XhoD 313

HagCRl GGGAAGCTTTTTGAATTAAGGGGTTAAGTC

(underlined: HinAWl).

313

HC2_F GGGTCTAGAAAGGAGGCAGCAGTAGCGGCG

(underlined: Xba\)

411

HC2_R GGGGCGGCCGCn C ACGG ATTATCCCTTTTA

(underlined: Notl)

411

DKOBFP CAGGAAGCCGTTGTCACG WT: 2100

ECM233: 4400

DKOBRP ATCTCTGGCAACAACATTGGGATAG WT: 2100

ECM233:4400

DKOCFP GCCGATCTTCGAAATTCCAAG WT:3100

ECM233:4600

DKOCRP AGAGCGTTCACCGATTAT WT:3100

ECM233:4600

HagsFl GCTTTCGACGAGGACAGCCAG 275

HagsRl GCCTTCACGTCATATTTGCCTCG 275

ATCCHagC2F GGGCGGCCGCTACACACCTGTTCATGACCGTACGCTA

(underlined: Notl)

300

ATCCHagC2R GGGTCTAGACACAGGCAACCGAGTATAAAAGAC

(underlined: Xbal)

300
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Table 2.3: Primers used in qPCR experiments

Primer Sequence Amplimer R- Reference

(5’-3’) Lenght (bp)

16SrRNAF AGGCAGCTTGCCATACTGCG 404 0.9967 (Dou et al., 2010)

16SrRNAR ACTGTTAGCAACTACCGATGT 404 0.9967 (Dou et al., 2010)

HagA F GTGGTAGAGGCCGGTAAGACTTATCA 312 0.9995 (Dou et al., 2010)

HagAR CGTCACCTGTATGAGTAGCAGTG 312 0.9995 (Dou et al, 2010)

KgpF AATACGCCGGTTCGTATGCT 226 0.98 (Hiratsuka et al., 2008)

Kgp R TGTCACCAACCAAAGCCAAG 226 0.98 (Hiratsuka et al., 2008)

RgpAF TCAAGAACAATCTCGGCCTGACCG 275 0.9962 (Fliratsuka et al., 2008)

RgpAR AGCACGCTTACCCTTACAGTAGTT 275 0.9962 (Hiratsuka et al., 2008)

RgpB F TCGCTGATGAAACGAACTTGACG 230 0.9985 (Hiratsuka et al, 2008)

RgpB R TTCGAATACCATGCGGTTCTTAGC 230 0.9985 (Hiratsuka et al., 2008)

HagBF GACTGTAGAAAATTTGCGTCTGCAGC 205 0.9976 n/a

HagCF GAAATTTTCTCGTTTTCCC 198 0.9973 n/a

HagSR GTCGAGGGCTATGACCTGAG HagB: 205 0.9976 n/a

HagC:198 0.9973
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2.1.7 Assessment of nucleic acids

Prior to downstream applications, it was necessary to assess nucleic acids in solution in 

terms of both quality and quantity. This was carried out for both dsDNA and RNA using a 

Nanodrop spectrophotometer (Thermo-Fischer Scientific). The solution in which the 

nucleic acids were suspended was used to blank the Nanodrop spectrophotometer to a 

baseline absorbance. A 1 pi volume of DNA or RNA was subsequently loaded onto the 

Nanodrop spectrophotometer stage and the concentration of nucleic acids was quantified in 

ng/pl by Nanodrop 2000c software (Thermo-Fischer Scientific) on a PC running Windows 

XP (Microsoft, CA, USA). The 260 nm / 280 nm and 260 nm/ 230 nm absorbance ratios 

were used to assess purity of DNA/RNA.

2.1.8 Agarose gel electrophoresis

Agarose (Sigma-Aldrich) was prepared in 0.5 X TBE (5.4 g/1 Trizma Base (Sigma- 

Aldrich), 2.75 g/1 Boric Acid (Sigma-Aldrich), 1 mM EDTA (Sigma-Aldrich) pH 8.0) and 

melted in a microwave (Bosch, Stuttgart, Germany) to molten agarose. Gel Red (Biotium, 

CA, USA) was added to a final concentration of 100 pl/1 in order to fluoreseently stain the 

DNA for visualisation. After the addition of gel red molten agarose was cast in gel tanks 

(Thermo-Fischer Scientific). Well spacing combs (Thermo-Fischer Scientific) with a range 

of spacing fi-om 5 to 25 were placed in the casts and the gels were allowed to set. Once 

solid, the tanks were filled with enough 0.5 X TBE to submerge the gel and the comb was 

removed.

A 2 pi volume of Green/Blue loading dye (Promega) and 5 pi of sterile water (Sigma- 

Aldrich) were added to 5 pi of PCR product and loaded into the gel. For size estimations 

either a 100 bp or 1 kb DNA ladder (Promega) was run in a single lane of the gel. The gel 

was run at 100 V, 20 W on a high-power electrophoresis power supply unit (Mason 

Technologies, Dublin, Ireland) until the loading dye fronts had reached the end of the gel.
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All gels were imaged on an Alpha Imager Mini (Alpha-Irmotech c/o Protein Simple c/o 

Medical Supply Company, Mulhaddart, Dublin, Ireland) using ultra-violet light at 

wavelength 320 nm to allow visualisation of the fluorescently stained DNA.

2.2 DNA techniques:

2.2.1 Whole genomic DNA purification

P. gingivalis cultures were grown overnight in selective broth in sTSB. Cells were 

harvested from 1.5 ml culture in a sterile 1.5 ml micro-centrifuge tube. The media was 

removed and pellet was re-suspended in 200 pi of breaking buffer (2 % Triton X-100, 1% 

Sodium dodecyl sulphate, 10 mM Tris-HCl (pH 8.0), 1 mM EDTA (Sigma-Aldrich), and 

100 mM NaCl (Sigma-Aldrich)). The cell suspension was then added to a 2 ml screw 

capped tube (Starstedt type) containing 0.3 g glass beads (0.1 mm diameter) and 200 pi of 

phenol-chloroform-isoamyl alcohol (24:24:1). Cells were disrupted by agitation for 1 min 

in a bead beater (Bio 101, Vista, CA).

The resulting lysate was centrifuged at 10,000 x g speed for 10 min. The upper aqueous 

phase was removed and extracted with an equal volume of chloroform-isoamyl alcohol 

(24:1). The extraction was then centrifuged for 2 min at 10,000 x g; the aqueous phase was 

removed to a fresh 1.5 ml micro-centrifuge tube. Nucleic acids were then precipitated 

using an ethanol precipitation method by the addition of one tenth volume of sodium 

acetate buffer (Sigma-Aldrich) (pH 5.2) and 3 volumes of cold 100 % ethanol (Sigma- 

Aldrich). The sample was allowed to stand at -20°C for at least one hour and then 

centrifuged for 15 min at the 10,000 x g in a 4°C micro-centrifuge (Eppendorf). The 

supernatant was removed and the resulting pellet air dried and re-suspended in 20-50 pi of 

sterile water.
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Genomic DNA was also isolated using GenElute Bacterial Genomic DNA kit (Sigma- 

Aldrich) as per the manufacturer’s instructions. DNA concentration was established using 

a Nanodrop 2000 (Thermo-Fischer Scientific).

2.2.2 Isolation of plasmid DNA

Plasmids used in this study were maintained in E. coli strain XL 10-gold (endAl glnV44 

recAl thi-l gyrA96 relAl lac Hte A (mcrA) 183 A (mcrCB-hsdSMR-mrr) 173 tet*^ 

F'[proAB lacI‘’ZAM15 TnlO (Tet*^ Amy Cm*^)] as outlined in section 2.1.2.2.

Strains were grown on L-agar at 37°C overnight. The following day 3 ml cultures of E. 

coli were inoculated using single colonies from these plates and incubated overnight at 37 

°C with agitation at 200 r.p.m. A 1 ml volume of this culture was transferred to a micro- 

centrifiige tube (Fppendorf) and centrifuged at 13,000 x g for 2 min in a bench top 

centrifuge (Fppendorf). This step was repeated so that the final volume spun down was 2 

ml. The supernatant was discarded and the plasmid was purified using The Pureyield 

Plasmid Miniprep System (Promega) according to the manufacturer’s instructions. DNA 

concentration was established using a Nanodrop 2000 (Thermo-Fischer Scientific).

2.2.3 Restriction enzyme digestion of DNA

DNA was prepared and cleaned prior to digestion as outlined in sections 2.2.1 and 2.2.2 

depending on the DNA required.

DNA fragments that contained the appropriate cut sites were digested with appropriate 

restriction endonucleases (Promega) either for 3 hr at 37°C or overnight at 4°C. Digestion 

reactions were carried out in 20 pi volumes containing 1 X of the appropriate buffer, 2 pi 

of each of appropriate enzymes (5-10 U/reaction), 2 pi BSA and DNA template for 

digestion. The final volume was made up with sterile water where required. The success of
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DNA digestion was determined by agarose gel electrophoresis as outlined in section 2.1.8, 

when required fragments underwent gel purification.

2.2.4 Gel purification

Restriction endonuclease generated DNA fragments and occasionally PCR products were 

purified from 0.8 % agarose gels in TBE. Fragments were electrophoresed in agarose gels 

and viewed on a UV transilluminator as outlined in section 2.2.8. The fragment of interest 

was extracted from the gel with a sterile scalpel and purification was carried out using the 

Wizard SV Gel and PCR Clean-Up System (Promega) according to the manufacturer’s 

instructions.

2.2.5 DNA Ligation

DNA ligations were carried out in micro-centrifuge tubes (Eppendorf). DNA fragments 

were ligated into pBlueScript II KS (-) phagemid or pUCI9 phagemid digested with the 

appropriate restriction endonucleases. Ligation reactions were carried out in a 20 pi 

volume with a 2:1 ratio of insert to vector DNA in 1 X ligase buffer (300mM Tris-HCL 

[pH 7.8 at 25°C], 100 mM DTT and 10 mM ATP) with 1 U of T4 DNA ligase (Promega). 

Reactions were either carried out at 37°C for 3 hr or overnight at 4°C. In order to sequence 

some products plasmid pGEM-T Easy (Promega) was occasionally used. DNA was ligated 

directly into plasmid pGEM-T Easy as per the manufacturer’s instructions.

2.2.6 DNA sequencing

All sequencing required for this study was carried out commercially in St. James Hospital, 

Dublin on behalf of the Oral Biosciences Division, Dublin Dental University Hospital, by 

Source Bioscience (Nottingham UK). The method used was a single-read Sanger 

sequencing on an ABI 3730x1 DNA analyser (Applied Biosystems, Life Technologies). 

Sequence reads were given via email in the form of .seq and .ABI files.
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2.2.7 Basic Analysis of DNA sequences

Raw sequence files obtained from sequencing in the form of .ABI files were imported as 

chromatograms and analysed using ApE Plasmid Editor (Jorgensen Laboratory, 

Department of Biology, University of Utah, Salt Lake City, UT, USA). The validated 

sequences were then exported as .txt files and imported into genetic analysis software of 

choice.

In most cases in this study the software used was ApE Plasmid Editor (Jorgensen 

Laboratory) or SerialCloner 2.1 Freeware (Frank Perez, Curie Institute, Paris, France). 

Previously published sequences were obtained from Oralgen (Los Alamos National 

Laboratory) or Human Oral Microbiome Database (The Forsyth Institute, Cambridge, UK) 

in FASTA formatting and uploaded to ApE Plasmid Editor (Jorgenson Lab).

2.2.8 Preparation of electro-competent cells

2.2.8.1 E. coli

A 2 ml volume of LB broth was inoculated with E. coli and grown overnight at 37°C with 

agitation at 200 r.p.m. This culture was used to inoculate 400 ml of fresh culture the 

following day and the resulting culture was grown until mid-log phase (OD550 nm 0.4-0.5). 

The cells were then chilled on ice for 1 hr. Cells were then decanted into two sterile 250 ml 

sorvall bottles and spun at 3,000 x g for 10 min at 4°C.

The media was removed and the cells were gently re-suspended in 30 ml of ice cold 100 

mM MgCli and centrifuged to form a pellet again. The supernatant was removed and the 

pellet was re-suspended in 100 ml of ice-cold 100 mM CaCl2 buffer (60 mM CaCli, 10 

mM PIPES, 15% glycerol). This cell suspension was again pelleted by centrifugation and 

re-suspended in 20 ml ice-cold CaCb buffer. Ice cold 80 % glycerol was gradually added 

to a final concentration of 10%.
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The suspension was then aliquoted into 1 ml amounts and placed on ice. Aliquots were 

then snap frozen in liquid nitrogen and immediately placed at -80°C in a pre-chilled 

container.

2.2.8.2 P. gingivalis:

A 10 ml volume of supplemented TSB was inoculated with P.gingivalis from a 3 to 4 day 

blood agar plate. Broth was then incubated at 37°C anaerobically overnight. A 100 ml 

volume of supplemented TSB was inoculated with sufficient overnight culture to obtain an 

initial ODaoo of 0.1. Broths were incubated at 37°C anaerobically until culture reached a 

final absorbance of 0.55-0.65 at ODeoo- Cells were centrifuged for 10 min at 3,000 x g at 

4°C, in sterile centrifugation tubes.

The supernatant was removed and cells were gently re-suspended in 100 ml cold 

electroporation buffer and centrifuged again. Cells were re-suspended in 50 ml cold 

electroporation buffer, centrifuged as described above. The final pellet was gently re­

suspended in 1 ml cold electroporation buffer. Electrocompetent cells were divided into 

100 pi aliquots and stored at -80°C.

2.2.9 Bacterial Transformation

2.2.9.1 Transformation ofE.coli

For each transformation a 200 pi aliquot of competent cells was thawed on ice. 

Transforming DNA was then added to each tube and mixed by gentle swirling. Tubes were 

stored on ice for 30 min. The following controls were included; competent bacteria that 

received no DNA, competent bacteria that received a known amount of super-coiled 

plasmid DNA. The tubes were transferred in a rack to a circulating water bath that had 

been pre-heated to 42°C.
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They were left in the water bath for exactly 90 sec. The tubes were rapidly transferred to an 

ice bath and allowed to chill for 1 -2 min.

A 3 ml volume of LB broth was added to each tube. Cultures were incubated overnight at 

37°C aerobically with shaking. The appropriate volume of culture was transferred onto LX 

plates or LB agar plates containing the appropriate antibiotics. Plates were then incubated 

aerobically overnight at 37°C

2.2.9.2 Electroporation ofP. gingivalis

For each transformation, a vial containing 100 pi of electrocompetent P. gingivalis was 

thawed on ice. Transforming DNA was pipetted into a sterile electroporation cuvette (0.2 

cm gap). Cells were then pipetted into the same cuvette and mixed by gently tapping the 

cuvette. The cuvette was placed into the electroporation chamber of the Bio-Rad (Bio-Rad 

Laboratories Ltd. Bio-Rad house, Maxted Road, Kernel Hempstead, Hertfordshire HP2 

7DX) minipulser and electroporated using the following settings: 2.5 kV, 400 'Cl and 25 pF 

for 5.0 msec, immediately after electroporation 1 ml of pre-reduced, pre-warmed sTSB 

was added and the cells were transferred to a sterile micro-centrifuge tube. The cell 

suspension was incubated anaerobically at 37°C overnight.

The following day the entire 1 ml from the transformation was plated onto ten blood agar 

plates (100 pi per plate) containing the appropriate antibiotics. Plates were incubated 

anaerobically until P. gingivalis antibiotic resistant colonies were visible on the plate (up to 

10 days).

2.3 Polymerase chain reaction

2.3.1 Routine polymerase chain reaction (PCR)

Template DNA was diluted to a concentration of between 50-100 ng/pl using sterile

MilliQ water (Merck-Millipore). A master mix was prepared from the required reagents
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and added so that the final contents of each tube were as follows; 1 X Taq reaction buffer, 

2.5-3.5 mM Magnesium chloride (MgCl2), 2.5 U Taq DNA Polymerase (Promega), 2.5 ql 

(10 pmol) of both forward and reverse primer (Sigma-Aldrich) and 0.2 Mm dATP, dTTP, 

dCTP and dGTP deoxynucleotide triphosphates (Promega) (DNTPs). Sterile nuclease free 

water (Sigma-Aldrich) was used to bring the final volume up to 50 pi. All reactions were 

set up in 0.2 ml polystyrene tubes (Molecular BioProducts).

Reactions were carried out using a thermal cycler (Kyratech, Queensland, Australia). An 

initial denaturation step was carried out at 95°C for 2 min before 30 cycles of the 

following; denaturation at 95°C for 1 min, annealing at 58°C for 1 min, extension at 72°C 

for 1 min/kilobase of amplimer lenght. A final extension step was then carried for 5 min at 

72°C before the cycle went into an indefinite holding stage at 4°C. Both the annealing 

temperatures and the extension times were adjusted in accordance to what required for 

each experiment, the former being dependent on the melting temperature of the primers 

being used.

Amplification products were separated by electrophoresis on 0.8 % (w/v) agarose gels as 

outlined in section 2.1.8

2.3.2 Quantitative (real time) PCR (qPCR)

For quantitative PCR (qPCR) cDNA was prepared as outlined in section 2.7.2. Primer 

pairs specific for the desired target were designed as per section 2.1.5 or taken from the 

literature as outlined in Table 2.3.

A comprehensive BLAST search was carried out to ensure primer complementarity was 

specific for the gene of interest. Most primer sets have been previously validated in the 

literature as indicated in Table 2.3. Primers were designed to meet stringent criteria, which 

included a melting temperature of 59°C - 60°C with a short amplicon length.
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Reactions were carried out on MicroAmp Fast Optical 96-well reaction plates (Applied 

Biosystems) in 15 pi reactions using 1 X Fast SYBR Green PCR Master Mix (Applied 

Biosytems), 150 nM of each oligonucleotide primer, 1 pi of diluted template and sterile 

water. The cycling conditions used were 95°C for 20 sec, followed by 40 cycles of 95°C 

for 3 sec and 60°C for 30 sec.

Before carrying out qPCR experiments the amplification efficiency of each primer set was 

assessed and compared to the internal control primers for the 16s gene. The performance of 

each primer set was analysed using standard curve based methods. Ten fold serial dilution 

of WT W83 genomic DNA were used as template in a series of reactions for each primer 

pair and a standard curve generated by plotting the Ct values versus template 

concentration. Using a proprietary algorithm (Applied Biosystems), the Threshold Cyele 

(Ct) value is computed for each reaction. The Ct value is the point of intersection between 

the threshold line and the amplification curve, with the average being calculated over 

technical replicates. The reliability of a run was determined by analysing the R^ value and 

standard deviation between replicates. The R value for each primer set is shown in Table 

2.3. R^ values > 0.98 were considered to show good efficiency in amplification.

Gene expression was calculated using a relative quantification method, which involves the 

detection of a control target gene in tandem with the experimental target detection. The 

“endogenous control” target is a gene that has a relatively eonstant level of expression and 

allows experimental samples to be compared to it. In the case of P. gingivalis, it has been 

shown that the 16s rRNA gene is a suitable endogenous control (Dou et al., 2010).

On completion of the PCR, target gene expression was compared to endogenous control to 

generate a ACt value as follows;

ACt= Ct (Experimental Target) - Ct (Endogenous control)

The results were presented by transforming the data logarithmically to the 2'^^*, which 

makes an increase in value equal to an increase in expression by inverting the data.
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2.4 Southern Immunoblot Hybridisation

All chemicals used in this protocol were purchased from Sigma-Aldrich unless otherwise 

stated. All buffers were sterilised before use as described in section 2.1.3

2.4.1 Amplification and labelling of DNA probe

The probe was made using standard PCR methods as outlined in section 2.3.1 and checked 

on a 0.8 % agarose gel. It was stored at - 20°C until use. The HagsF and HagsR primers 

were used to amplify the probe; these primers gave a product of 275 bp, and were designed 

against the central region of both hagB and hagC. The probe was denatured before use by 

incubating it at 95°C for 5 min in a PCR machine. It was immediately placed on ice for 5 

min before being added to pre-warmed hybridisation buffer.

2.4.2 Electrophoresis and Transfer

Genomic DNA was isolated as described in 2.2.1 and digested with Bglll (Promega) 

overnight as per 2.2.3. Digests were run on a 0.8 % agarose gel alongside 5 pi of ‘DIG- 

labelled molecular weight marker Ill’ (Roche-Diagnostics) at 20 mV for 20 hr. The gel 

was visualised on the trans-illuminator to ensure good separation.

The gel was depurinated by incubation in 250 mM Hydrochloric acid (HCl) in a clean 

glass dish at room temperature with gentle shaking for 10 min. It was then rinsed in water 

and incubated in denaturing solution (500 mM NaOH, 1.5 M NaCl) for 15 min with mild 

agitation. This step was repeated using fresh denaturing solution. The gel was rinsed 

briefly in water before being placed in neutralisation solution (500 mM Tris, 1.5 M NaCl, 

pH 7.5) for 15 min with gentle shaking. This step was repeated. It was then equilibrated in 

20 X SSC (3 M NaCl, 300 mM Sodium Citrate, pH 7.0) for 30 min before setting up the 

capillary sandwich.
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The capillary sandwich was set up as follows; a glass dish, which served as a reservoir, 

was filled with 20 X SSC buffer. On a suspended glass plate, a filter paper bridge was built 

using Whatmann 3 mm blotting paper (Whatmaim, GE Healthcare Life Sciences, Wien, 

Austria) pre-soaked in 20 X SCC. The gel was placed face-down on the bridge, followed 

by a piece of positively charged Nylon membrane (Roche Diagnostics) which had been cut 

to fit the size of the gel. Being careful not to capture air bubble, 3 pre-soaked blotting 

paper layers were placed on the bridge, followed by two paper towel stacks ( >10 cm high). 

The towels were placed evenly across the top to absorb and draw the liquid from the 

reservoir. The sandwich was weighted using books and the entire of the capillary sandwich 

was wrapped in cling film to prevent evaporation. The apparatus was then left to transfer 

overnight.

The next day the transfer sandwich was dismantled. The membrane was placed on 

Whatmann 3 mm paper ( GE Healthcare Life Sciences) that had been soaked in 2 x SSC 

(0.3 mM NaCl, 30 mM Sodium Citrate, pH 7.0). It was then exposed to 0.120 Joules of 

UV light for 1 -3 min to crosslink the DNA to the membrane. This was carried out for both 

sides of the membrane; it was then rinsed with MilliQ ultrapure water (Millipore-Merck) 

and allowed to air dry.

The orientation of the membrane was noted and the membrane was stored dry at 4°C until 

proceeding to hybridisation. Transfer efficiency was assessed by visualising the remaining 

DNA on the agarose gel.

2.4.3 Pre-hybridisation

The membrane was placed in a hybridisation roller bottle (Thermo-Fischer Scientific). A 

10 ml volume of reconstituted DIG Easy-Hyb (Roche Diagnostics) was added. The bottle 

was sealed and incubated with slow rotation in a hybridisation over (Thermo-Fischer
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Scientific). It was equilibrated for 30 min - 3 hr at the appropriate hybridisation 

temperature.

Hybridisation temperature (Thyb) was calculated based on the melting point of the probe- 

target hybrid (Tm) using the formulae below.

Tm = 49.82 + (0.41 X % GC of probe) - 600/lenght of homology in bp

Thyb=T™-(22.5°C)

2.4.4 Hybridisation

Immediately before hybridisation the DIG-labelled DNA probe was denatured at 95°C for 

5 min in a thermal cycler (Kyratech). After denaturation it was placed immediately on ice 

for 5 min. The roller bottle was gently decanted and 3.5 ml of DIG Easy Hyb (Roche 

Diagnostics) was added per 100 cm^ of blot. A 2 pi volume of denatured DNA probe was 

added per ml of DIG Easy Hyb solution. The bottle was resealed and incubated for 16 hr at 

the previously calculated Tbyb in a hybridisation oven (Thermo-Fischer Scientific) with 

gentle rotation.

2.4.5 Washing

All buffers were prepared fresh. The membrane was removed from the hybridisation 

solution and washed with 200 ml of Low Stringency Buffer (2 X SCC, 0.1% w/v SDS) for 

10 min with vigorous shaking on a Unimax 2010 mixing tray (Heidolph, Germany). This 

was repeated with fresh buffer for another 10 min. The membrane was then transferred to a 

fresh roller bottle (Thermo-Fischer Scientific). A 200 ml volume High Stringency Buffer 

(0.5 X SCC, 0.1 % w/v SDS) which had been pre-warmed to 65°C was added and 

incubated at 65°C for 15 min with rotation. This step was repeated with fresh buffer.
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2.4.6 Detection

The membrane was incubated in 100 ml of Wash Buffer (1% w/v Maleic Acid Buffer (100 

mM Maleic Acid, 150 mM NaCl, pH 7.5), 0.3% w/v Tween-20) in a clean glass dish with 

gentle shaking. The Wash Buffer was decanted and the membrane was incubated with 100 

ml of 2% w/v Blocking Reagent (Roche Diagnostics) suspended in Maleic Acid Buffer in a 

roller bottle (Thermo-Fischer Scientific) in a hybridisation oven (Thermo-Fischer 

Scientific) with slow rotation for 2 hr at room temperature.

This solution was discarded and replaced with 2% w/v Blocking Reagent (Roche 

Diagnostics) re-suspended in Maleic Acid Buffer with the addition of 2 pi of Anti- 

Digoxigenin-AP, fragment-antigen-binding (Fab) fragments (Roche Diagnostics), 

henceforth referred to as the antibody. The membrane was incubated with this solution in 

the hybridisation over (Thermo-Fischer Scientific) for 30 min at room temperature, it was 

transferred to a clean glass dish containing 100 ml Wash Buffer and washed vigorously. 

This step was repeated twice more.

The membrane was placed between two unsealed transparent polystyrene sheets. A 1 ml 

volume of CDP-Star (Amersham, GE Healthcare Life Sciences) was added, drop-wise to 

the surface of the blot for every 100 cm^ of membrane. The two sheets were carefully 

closed over and allowed to incubate in the dark for 5 min. Excess liquid was removed and 

the sheets were sealed using a vacuum sealer.

2.4.7 Development

The sealed membrane was exposed to BioMax Light film (Kodak, do Sigma Aldrich) for 

varying lengths of time (2 min - 25 min) in a light cassette (Kodak). Image development 

was carried out in the dark as follows: 30 sec in developer solution (Kodak), 30 sec in 

distilled water, 30 sec in fixing solution (Kodak) and 1 min in cool distilled water. The X- 

ray film was then air dried and viewed.
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2.5 RNA techniques

2.5.1 Freeze fracture method of RNA isolation

Relevant strains were grown anaerobically in sTSB to an OD600 of 0.7 or lawned onto 

sTSA plates and cultured anaerobically for four days at 37°C. After incubation, plate or 

broth grown bacteria were transferred to polystyrene Falcon tubes (Greiner Bio-one) and 

centrifuged using a swing-bucket bench-top centrifuge (Eppendorf) for 10 min at 2,500 x 

g. The supernatant was decanted, leaving a 1 ml volume in the tube which was used to re­

suspend the pellet. The resulting “slurry” of culture was added drop-wise to 20 ml of liquid 

nitrogen (Calor Gas, Dublin, Ireland) in 50 ml polystyrene Falcon tubes, with gentle 

mixing to prevent aggregation of droplets. Immediately after vaporisation of the liquid 

nitrogen, the frozen droplets were stored at -80°C.

Prior to RNA extraction, the apparatus required for mechanical disruption of cells were 

soaked in RNase Away (Molecular BioProducts) for 15 min at 21°C. The apparatus was 

subsequently rinsed with sterile ultrapure water treated with 0.1 % (v\v) 

diethylpyrocarbonate (DEPC) (Sigma-Aldrich). Apparatus were left to air dry and were 

then pre-cooled in liquid nitrogen. To extract the RNA the frozen pellets of culture were 

transferred to polytetrafluorethylene (PTFL) vessels (Sartorius Mechatronics, 

Goettingham, Germany) containing a tungsten-carbide grinding ball (Sartorius 

Mechatronics). The PTFL vessels were sealed and processed on a Mikro-Dismembranator 

S series (Sartorius Mechatronics) for 2 min at 1,500 r.p.m. The PTFL vessels were then 

opened and the grinding ball removed for cleaning.

A 600 pi volume of RLT Buffer (Qiagen, West Sussex, UK) containing 1% (v/v) of P- 

mercaptoethanol (Sigma-Aldrich) was then added to the PTFL vessel containing finely 

ground bacterial culture. The mixture was allowed to thaw for 2 min before being 

transferred to a 2 ml microcentrifuge tube (Eppendorf).
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It was equilibrated with an equal volume of 70% (v/v) ice-cold ethanol. The equilibrated 

sample was transferred to an RNeasy spin column with collection tube (Qiagen) and 

centrifuged for 30 sec at 10,000 x g. The liquid flow-through was discarded. This step was 

repeated until all the sample had passed through the column. A 700 pi volume of Buffer 

RWl (Qiagen) was added to the spin column and centrifuged at 10,000 x g for 30 sec. The 

liquid flow-through was discarded and 500 pi of Buffer RLT (Qiagen) was added to the 

spin column and centrifuged at 10,000 x g- for 2 min. The flow-through was discarded. The 

RNeasy spin column was transferred to a new collection tube (Qiagen) and centrifuged at 

16,000 xg for 1 min to ensure removal of excess ethanol.

The spin column was transferred to a new 1.5 ml microcentrifuge tube (Eppendorf) and 50 

pi of sterile Milli-Q ultrapure water (Merck-Millipore) was added directly to the column 

membrane. The column was incubated for 5 min at room temperature before centrifugation 

at 16,000 X g for 1 min to elute the RNA.

To remove genomic DNA, a 5 pi volume of TURBO DNase Buffer (Ambion, Life 

technologies, USA) and 1 pi of TURBO DNase (Ambion) was added to the sample and 

gently mixed. The sample was incubated at 37°C for 30 min in a water bath, a 5 pi volume 

of DNase inactivation reagent (Ambion) was added to the sample followed by thorough 

mixing by pipetting. This mixture was incubated at 21°C for 5 min with mixing every 90 

sec. The samples were centrifuged at 10,000 x g for 1.5 min and the supernatant was 

transferred to a new micro-centrifuge tube (Eppendorf). This sample consisted of DNA- 

free bacterial total RNA, quality was assessed using agarose gel electrophoresis as 

described in section 2.1.8. The sample was subsequently used for cDNA synthesis.

2.5.2 cDNA synthesis:

First strand synthesis of cDNA was performed using the Superscript III First strand 

synthesis system for real time PCR (Life Technologies). A 100 ng quantity of RNA was
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used as the template and was added to a 0.2 ml thin-walled tube (Molecular BioProducts) 

with 10 mM of each dATP, dTTP, dCTP, and dGTP as well as 50 |iM Random hexamers 

(Promega) and sterile water up to 10 pi. The reaction was incubated in a thermal cycler (G- 

Storm) at 65°C for 1 hr and then 72°C for 15 min followed by immediate incubation on 

ice. The resulting cDNA was stored at - 20°C.

2.6 Cell culture methods

2.6.1 H357 cell culture

H357 cells were grown in 5% CO2 at 37°C (Sanyo CO2 Incubator) in Dulbecco’s modified 

Eagle’s medium (DMEM) (Sigma-Aldrich) supplemented with 1/3 Hams-F12 (Sigma- 

Aldrich), 10 ng/ml Epidermal Growth Factor (Sigma-Aldrich), 0.5 pg/ml Flydrocortisone 

(Sigma-Aldrich), 10 ng/ml Cholera toxin (Sigma-Aldrich), 5 pg/ml Insulin (Sigma- 

Aldrich), 200 lU/ml penicillin (Sigma-Aldrich), 200 pg/ml streptomycin (Sigma-Aldrich) 

and 5 pg/ml fungizone (Sigma-Aldrich) in T-75 flasks (Coming). To this, a final volume 

of 10% foetal calf serum was added. Media was replaced every 2 to 3 days depending on 

cell density. Cells were split when they reached 70 - 80% confluency.

Confluent cultures were trypsinized in 3 ml trypsin for up to 10 min. Cells were checked 

microscopically to ensure full trypsinization before the addition of 7 ml media. The 

detached cells were then spun at 3,000 x g for 3 min. The supernatant was removed and the 

pellet re-suspended in a 1 ml volume of media.

When cell counting was required it was performed using the Trypan Blue (Sigma-Aldrich) 

exclusion method and a Neubauer Haemocytometer (Marienfeld Glassware, Germany). A 

lOpl volume of Trypan Blue was added to a sterile micro-centrifuge tube (Eppendorf); to 

this a lOpl volume of cell suspension was added. A 10 pi volume of this solution was 

added directly to the central chamber of a clean Haemocytometer (Marienfeld Glassware)
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and covered with a 0.13 - 0.17 mm cover-slip (Thermo-Fischer Scientific). The cells were 

counted using a light microscope (Nikon instruments, c/o/ Aquilant Scientific Dublin) at 

400 X magnification. In total 5 separate and non-adjacent 0.20 mm x 0.20 mm squares of 

the central region of the haemocytometer were counted. An estimation of the total number 

of cells per ml was calculated by the used of the following formula:

Cells/ml = Total cells counted x x 10,000 cells/ml
0.2
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Chapter 3: Construction and confirmation of a 

hagB and hagC mutant set in Porphyromonas 

gingivalis.
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3.1 Introduction:

P. gingivalis produces an array of virulence factors such as lipopolysaccharide and the 

gingipains, many of which play a role in the development and progression of periodontal 

disease (Darveau, 2010, Lamont and Jenkinson, 1998, Yoshimura et ah, 2009). They have 

a unique ability to promote a dysbiotic micro-flora in the oral cavity due to their ability to 

subvert the host immune response and interfere with the inflammatory process (Darveau et 

ah, 2012).

One large class of virulence factors that P. gingivalis produces are the haemagglutinins. 

This group of proteins play an essential role in a number of aspects of the infectious 

process, in particular with regards to nutrient acquisition. P. gingivalis is a haem 

auxotroph, meaning that it does not possess the enzymes required for haem biosynthesis. In 

addition the lack of a siderophore scavenging system means that it must rely on alternative 

mechanisms of haem uptake (Gao et ah, 2010, Smalley et ah, 2011). The haemagglutinins 

play a key role in facilitating the acquisition of haem through erythrocyte binding. These 

proteins facilitate the absorption of haem by P. gingivalis through the haemagglutination 

and lysis of erythrocytes. The proteolytic activity of the gingipains releases the haem from 

the haemoglobin molecule, allowing for its uptake by HmuY which then binds to HmuR 

(its receptor) to facilitate internalisation. They form a dual component uptake system, 

which is encoded for by the hmu operon and regulated by environmental levels of iron 

(Olczak et ah, 2008).

P. gingivalis possess at least eight haemagglutinins, a subset of these eight are encoded for 

by a group of five genes known commonly as the hag genes, hagA - hagE. They have 

varying levels of homology to one another, with hagA and hagD having 73.8% homology 

to one another and hagA and hagE having 93% homology.
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The genes hagB and hagC form a distinct sub-group from the other hemagglutinins. They 

are located closely together on the chromosome and share ~98% amino acid sequence 

identity. Although hagB and hagC were first identified in 1995 (Progulske-Fox et ah,

1995) , not much is known about the exact role of these genes. Single mutant studies 

carried out in P. gingivalis have shown that both hagB and hagC possess 

haemagglutination activity but they are not the sole mediators of this process (Lepine et ah,

1996) . Expression studies carried out in Escherichia coli and a Salmonella vaccine vector 

have shown that HagB at least is trafficked to the bacterial cell surface (Isoda et ah, 2007, 

Lepine et al., 1996) and HagB has been shown to be highly immunogenic (Dusek et al., 

1994, Katz et al., 1999). Given the high levels of homology between the two genes and 

high amino acid sequence identity, it is likely that HagC shares similar immunogenic and 

virulence factor properties.

Although the genes are 98.57% homologous they are appear to be expressed differentially 

to each other. Reverse transcription PCR has shown that the levels of hagB and hagC 

mRNA varied according to both growth phase and haemin concentration. It was also found 

that HagB mRNAs where detected in the early logarithmic growth phase whereas HagC 

transcripts were detected in the mid-exponential phase (Lepine and Progulske-Fox, 1996). 

It has been shown that they are both expressed in vivo in a mouse abscess model of 

infection, particularly early in the infectious process (Lee et al., 1996).

Single mutants of hagB and hagC have been made previously in strain P. gingivalis 381 

(Pg381) (Lepine et al., 1996). However attempts to create a double mutant of both of these 

genes in this strain failed leading to the belief that these genes were essential to the 

survival of P. gingivalis, and while one gene could be removed safely it was impossible to 

remove both. This also fuelled the belief that these genes may be redundant in function, 

something that the high levels of homology on a genetic level also concurred with.
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In order to fully understand the exact role of these genes in the virulence of P. gingivalis a 

double mutant of both genes is required.

Since the role of hagB and hagC both in vitro and in vivo has yet to be clearly elucidated 

on we undertook to inactivate the hagB and hagC loci in P. gingivalis strain W83, which is 

a robust, non-fimbriated virulent strain of P. gingivalis. Deletions were constructed using 

insertional mutagenesis based methods that had been previously used to create single 

mutants of both hagB and hagC. By using and adapting these techniques we were able to 

create a mutant strain set, allowing us to study the phenotypic effect that the removal of 

these genes had on the organism.

An attempt was also made to create mutants in the ATCC33277 strain, a fimbriated strain 

which is classified as a less virulent strain of P. gingivalis (Chen et al., 2004). This was to 

allow for comparsion of the effects that removal of these genes would have between the 

two strains. While it was possible for a hagB mutant to be produced in this strain, we were 

unable to obtain a hagC mutant and as such a double mutant of these genes in this 

background. There are a number of potential reasons for this, which are outlined in detail 

in the discussion of this chapter.
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3.2 Materials and Methods

3.2.1 Generation of hagB mutant strains:

Plasmid pJWl was used to disrupt the hagB gene of P. gingivalis. Plasmid pJWl contains 

the hagB gene interrupted by the ermAM-ermF genes, which encode for erythromycin 

resistance in E. coli and P. gingivalis, respectively. This disruption cassette has been used 

previously to interrupt hagB in Pg381. Plasmid DNA was introduced into P. gingivalis 

strain W83 by electroporation and transformants were selected for by plating cells onto 

agar containing 50 pg/ml gentamicin and 5 pg/ml erythromycin.

Integration of plasmid pJWl into the chromosomal hagB locus was confirmed by PCR 

using GoTaq (Promega, Promega Corporation, Madison, Wisconsin, USA) and junctional 

primers. HagBIF is located in the region before the ermAM.ermF cassette insertion. It was 

paired with ErmIR located within the ermAM.ermF cassette (Fig 3.1 a). Expected 

amplicon size was 922 bp. ErmlF is located within the ermAM. ermF cassette, it was paired 

with HagBlR (Fig 3.1 a) with an expected amplicon size of 2500 bp. Transformants were 

subsequently analysed by DNA sequencing which confirmed the AhagB genotype in the 

derivative of strain of W83 which was subsequently termed strain ECMIOO

The same method and cassette that were used to make strain ECMIOO were also used to 

create a hagB mutant in strain ATCC 33277. This mutant was confirmed using the same 

PCR based methods and termed strain AhagB ATCC33277.

(a)
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(b)

3000 bp -

2000-

1500-

1000-

Figure 3.1: a) Diagram showing the positions of the primers used to confirm the junctions 

of the ErmAM-ErmF cassQUQ within hagB b) A 0.8% agarose gel of PCR reactions carried 

out to confirm the Junctions of hagB transformants, with no template and wild type DNA 

controls. I) I kb ladder 2) no template control (HagBIF and ErmIR) 3-4) pJWI 

transformant I (HagBIF and ErmIR) 5-6) Wild type DNA (HagBIF and ErmIR) 7) empty 

8) no template control (ErmlF and HagBIR) 9-10) pJWl transformant I (ErmlF and 

HagBIR) 11-12) Wild type DNA (ErmlF and HagBIR)
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3.2.2 Creation of hagC mutant in strain W83:

The tetQ gene was amplified using Expand High Fidelity DNA polymerase (Roche Life 

Sciences) from plasmid pT-COW. The PCR amplicon was digested with Bam\\\ and Spe\ 

enzymes and ligated to BamHMSpel digested pBlueScript, to generate pBSTetQ.

A 313 bp region adjacent to the 5’ end of hagC (RAHCl) was amplified with HagCFl and 

HagCRI. The PCR amplicon was digested with enzymes Xho\ and //wdlll and ligated to 

XhoVHindWX digested pBSTetQ, to generate pBSTetQHCl. A 411 bp region adjacent to 

the 3’ end of hagC (RAHC2) was amplified with HC2_F and HC2_R. The PCR amplicon 

was digested with enzymes Xba\ and Not\ and ligated into XbaVNotl digested 

pBSTetQHCl to generate phagCA. The resultant phagCA plasmid contained the tetQ gene 

flanked on either side by regions directly upstream and downstream of the hagC gene (Fig 

3.2). Plasmid phagCA was used to create P. gingivalis mutant EC1V1200 by electroporation. 

Successful transformants were selected for by plating onto agar containing a 5 pg/ml 

tetracycline. To confirm integration of plasmid phagCA and removal of hagC from its 

chromosomal locus confirmatory PCR was carried out using junctional primers. Primer 

HCl lF is located upstream of hagC and the tetQ insertion site and in conjunetion with 

HCl lR which is located within the tetQ gene (Fig 3.3 a) would be expected to generate an 

amplicon of 1200 bp following correct insertion of the cassette. Similarly, primer HC2_1F 

which is located within tetQ, when used in conjunction with primer HC2_1R, which lies in 

a region downstream from hagC (Fig 3.3 a), would be expected to generate an amplicon 

1200 bp following correct insertion of the cassette. As further confirmation transformants 

were screened for the presence of tetQ by PCR using TetQ F and TetQ R, with an 

expected amplicon size of 2700 bp. These PCR amplicons were then ligated to plasmid 

pGem-T-easy and were then sent for DNA sequencing using plasmid encoded M13 F and 

M13 R primer binding sites.
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Xho\ Spe\ Xba\

RACH2

■Not\

RACH2

Xho\ Nob

Figure 3.2: Diagram showing the construction of phagCA, which was used to delete hagC 

from the P. gingivalis W83 genome. The cassette was constructed in pBlueScript; tetQ was 

ligated in first to give pBSTetQ. The region adjacent to the 5’ end of hagC (RAHCI) was 

then ligated into pBSTetQ to give pBSTetQHCl. Into this plasmid the region adjacent to 

the 3’ end of the hagC gene was then ligated to give plasmid phagCA
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(a)

HCI IF HC2 IF

TetQ

HCI IR HC2 IR

1 2 3 4 5 6 7
(b)

4000 bp -

2000
1500
1000-

Figure 3.3: a) Diagram showing position of primers used to confirm the integration of tetQ 

within the hagC orf Both primer sets yield an amplicon size of 1200 bp. b) a 0.8% agarose 

gel showing PCR reactions carried out to confirm the junctions of hagC transformants, as 

well as the presence of tetQ. 1) 1Kb ladder 2) blank 3) no template control 4) blank 5) 

ECM200 DNA screened using HCI IF and HCI IR. 6) ECM200 DNA screened using 

HC2_1F and HC2_IR 7) ECM200 screened for the presence of tetQ, using TetQF and 

TetQR.
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After initial sequence reads were obtained, primer walking was carried out to confirm the 

sequence of the region in full. This sequence analysis confirmed the deletion of the hagC 

gene from its locus in strain ECIVI200. Post construction of ECMIOO and ECM200 plasmid 

pJWl was transformed into EC1V1200 electrocompetent cells to create ECM233, a double 

mutant of both the hagB and hagC genes.

3.2.3 Construction of AhagB complemented mutant

In order to reintroduce hagB to strain ECM233, a strategy involving construction of a 

chloramphenicol resistance marker was employed. This cassette was constructed by Dr 

Gary Moran. Briefly, a fusion between the promoter of the P. gingivalis tnaA gene and the 

gene encoding chloramphenicol acetyl transferase {call) was generated using fusion PCR. 

This fusion product was digested with E'coRl and Hin(\\\\ and ligated to pBlueScript II 

which already contained the downstream sequences of the tnaA gene on a HindWMXhol 

fragment. A SacWNotX fragment from phagB containing the entire hagB gene plus 

upstream sequences was ligated upstream of this tnaA-catl fusion. A Hind\ll/Xho\ 

fragment containing sequences downstream of hagB were ligated downstream of the tnaA- 

catl to generate phagB-CAT (Fig 3.4). The entire construct was sequenced in order to 

ensure the correct orientation of the fragments and to confirm that no mutations had been 

introduced in the cat] sequences during PCR amplification. The entire construct was 

released from the plasmid backbone by digestion with ^acll and Apa\ and used to 

transform ECM233. Transformants were selected on sTSB plates containing 10 pg/ml 

chloramphenicol.
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SacII Notl EcoBJ.u HindUl Xhol Apal
I I I

IiagB tii(LA-catl hagB-3'

Figure 3.4: Map of the chloramphenicol resistance cassette used to reintroduce the hagB 

gene in strain in ECM233 to generate GMCIOO. Only relevant restriction sites mentioned 

in section 3.2.3 are shown.
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3.2.4 PCR confirmation of P.gingivalis mutant genotypes:

PCR confirmation of P. gingivalis mutants was carried out using Expand High Fidelity 

PCR reagents (Roche Applied Science, Roche Diagnostics Ltd, Charles Avenue, Burgess 

Hill, West Sussex, RH159RY, U.K.). Two pairs of primers that flanked the hagB 

(DKOBFP/DKOBRP) and hagC (DKOCFP/DKOCRP) genes respectively were designed. 

Primers were designed to allow discrimination between wild-type genes and genes 

containing insertions (Fig 3.5 a & b). The insertion of pJWl in hagB resulted in an increase 

in amplicon size from 2,100 bp to approximately 4,400 bp and the insertion of tetQ in 

hagC resulted in an increase in amplicon size from 3,100 bp to 4,600 bp.

In order to confirm the genotype of strain ECM233, genomic DNA was obtained using 

GenElute Bacterial Genomic DNA kit (Sigma-Aldrich) as per the manufacturer’s 

instructions and PCR was carried out to amplify the hag gene loci using primers DKOBFP 

and DKOCRP. This fragment was then cloned into plasmid pGEM T-easy and sequenced 

using the dye terminator method (Source BioScience, DNA Sequencing, Dublin, Ireland)

Southern blot analysis was also carried out on mutant strains using a probe that was 

specific for both the hagB and hagC genes. Due to the results from this blot, all strain were 

confirmed using PCR and sequencing methods to be plasmid pJWl integrated correctly 

into hagB.

Confirmation of the complementation of hagB back into the hagB locus was performed in 

a number of ways. A number of single colony clones were assessed to confirm that 

restoration of hagB was succesfiil. The resistance profile of each colony was assessed by 

growth on agar containing 10 pg/ml chloramphenicol, 5 pg/ml erythromycin or 2 pg/ml 

tetracycline.
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(a)

(b)
I DKOBFP^

I DKOC^P

PG172n Ul H.I.’B > ^PG1722.lg PG17?3 lOiLl^----
^DKOBRP 1 ^ DKQCFP |

IdkocfpL

(c) 1 2 3 4 5 6 7 8

Figure 3.5: a) Diagram illustrating the position of the primers used in the confirmatory 

PCR in wild type W83. b) Diagram illustrating the position of the primers used in the 

confirmatory PCR in a double knock-out of W83. c) A 0.8% agarose gel confirming 

differences in size of the hagB and hagC loci between wild type W83 and ECM233. 1) 1 

Kb ladder 2) no template control 3) Wild type W83 screened with DKOBFP and DKOBRP 

(expected amplicon of 2100 bp) 4) ECM233 screened with DKOBFP and DKOBRP 

(expected amplicon of 4400bp) 5)1 Kb ladder 6) No template control 7) Wild type W83 

screened with DKOCRFP and DKOCRP (expected amplicon of 3l00bp) 8) ECM233 

screened with DKOCFP and DKOCRP (expected product of 4600 bp).
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Succesful transformants were expected to be resistant to tetracycline and chloramphenicol 

while been sensitive to erythromycin due to the removal of the ermAM. ermF casseU.e.

PCR profiling was also carried out. Each clone was assessed by PCR for the presence of 

hagB and ermF. In complemented mutants it was expected that the clones would be 

negative for the presence of the ermF gene and positive for the presence of hagB. 

Appropriate positive and negative controls were included for all PCR experiments.

3.2.5 Attempted construction of hagC mutant in strain ATCC33277:

An attempt was made to apply the same method of mutant production as was used in strain 

W83. Due to the homology between the strain only one of the regions adjacent to the 3’ 

end needed to be amplified and ligated into pBSTetQHCl to create a cassette homologous 

to the hagC gene in strain ATCC33277.

A 300 bp region adjacent to the 3’ end of hagC was amplified with primers ATCC 

HagC2F and ATCC HagC2R. The PCR amplicon was digested with enzymes Xba\ and 

Notl and ligated into Xbal/Not\ digested pBSTetQHCl to generate pBSAhagCATCC. The 

resultant plasmid phagCA^TT’C contained the tetQ gene flanked on either side by regions 

directly upstream and downstream of the hagC gene homologous to strain ATCC33277.

Several attempts were made to transform both digested and undigested forms of the 

plasmid into strain ATCC33277, however all failed to yield successful transformants.

3.2.6: Characterisation of hagB and hagC expression under haemin rich conditions

Expression levels of hagB and hagC during exponential growth in sTSB was assessed by 

qPCR as described in Chapter 2 Section 2.3.2. The primers used were designed to 

specifically target the only region of low homology between hagB and hagC. The 16srRNA 

gene acted as the control gene for this experiment.
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All statistical analysis was carried out using Graphpad Prism 5 software (Graphpad 

Software Inc., 7825 Fay Avenue, Suite 230, La Jolla, CA 92037, USA). Differences 

between WT and mutant strains were determined by analysis of variance (ANOVA) or by 

t-test based methods. When ANOVA was carried out Dunnett’s Multiple Comparison was 

also performed. For all datap-values of < 0.05 were considered statistically significant.
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3.3 Results:

3.3.1 Disruption of hagB in P. gingivalis

In order to disrupt the hagB orf plasmid pJW 1 was obtained from the laboratory of Aim 

Progulske-Fox (University of Florida). This plasmid contains hagB interrupted by the 

ermAM and ermF genes, encoding for erythromycin resistance in E. coli and P. gingivalis, 

respectively. Plasmid pJWl has been used previously to interrupt hagB in Pg381. 

Transformants were selected for by plating onto agar containing 50 pg/ml gentamicin and 

5 pg/ml erythromycin.

Unexpectedly, transformation of the parent strain with pJWl resulted in a Southern blot 

banding pattern indicating a disruption of hagB but also deletion of hagC. This pattern 

suggested that pJWl recombined with the 5’ end of hagB and the 3’ end of hagC to delete 

the entire hag locus (Fig 3.6). As such further colonies obtained from the transformation 

were screened by both PCR and DNA sequencing, as outlined below to obtain strain 

ECMIOO.

Integration of plasmid pJWl into the chromosomal hagB locus was confirmed by PCR 

amplification of the chromosome-cassette junctions, where one primer was placed within 

the selected resistance gene and another within the bacterial genome adjacent to the 

insertion (Fig 3.1 a). Expected PCR amplicons of 922 bp and 2500 bp were generated from 

strain ECMIOO (AhagB) and observed on 0.8% agarose gels. Amplimers of the expected 

size were detected in 4 of the 8 transformants analysed (Fig 3.1 b).

Further confirmation was carried out by DNA sequencing. The region containing the 

hagB-ermAM-ermF cassette integration was amplified using the primers DKOBFP and 

DKOBRP and cloned into plasmid pGEM T-Easy.

86



WT ECM200 ECM233

pJWl

recombination
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Figure 3.6: Southern blot analysis of genomic DNA isolated from Wild type W83, 

ECM200 and ECM233. Probe designed to share 100% homology to a 275 bp region of 

both hagB and hagC. Diagram also shows plasmid pJWl recombination that occurred 

during the event where the plasmid integrated with the 5’ region of the hagB gene and the 

3’ region of the hagC gene. (ECIVI200 = /S.hagC, ECM233 = A.hagB/hagC).
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Primers M13 F and M13 R were used to carry out initial sequencing followed by primer 

walking based on the reads obtained from M13 F and M13 R. The overall sequencing 

results verified that ermAM-ermF had successfully disrupted hagB to yield P. gingivalis 

strain ECMIOO.

Plasmid pJWl was also used to interrupt hagB in strain ATCC33277. The same 

confirmation process was used to confirm the integration of the ermAM. ermF cassette into 

the chromosomal hagB locus in ATCC33277 as was carried out for strain W83. This strain 

was labelled strain A.hagB ATCC33277.

3.3.2 Construction of hagC disruption cassette using E.coli restriction endonuclease-mediated 

cloning:

To disrupt the hagC gene, a cassette with homology to the hagC flanking regions from the 

P. gingivalis genome was designed. The hagC gene was predicted to be replaced with tetQ, 

which encodes for tetracycline resistance. TetQ was amplified from plasmid pT-COW 

using the TetQ F and TetQ R primers, which contained the restriction enzyme sites for 

Bam\\\ and Spe\. This facilitated ligation to BamVW and Spe\ digested plasmid pBlueScript, 

giving plasmid pBSTetQ. PBSTetQ was then sent for sequencing to confirm the sequence 

of the tetQ gene. Two fragments from the P. gingivalis genome were also amplified by 

PCR. The 5’-region adjacent to hagC was amplified using primers HagCFl and HagCRl 

to give a product of 313 bp. These primers contained the restriction endonuclease 

recognition sequences for Xho\ and HindlW. This allowed for ligation into plasmid 

pBSTetQ giving pBSTetQHC I.

The 3’ adjacent region of hagC was amplified using the primers F1C2_F and HC2_R to 

give a product of 411 bp. Xba\ and Notl recognition sites were designed in the primers to 

facilitate ligation to Xbal and Notl digested plasmid pTetQCl to yield pBSAhagC (Fig 

3.2). The structure of the completed plasmid was confirmed by DNA sequencing.
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The tetQ gene encodes for tetracycline resistance in both E. coli and P. gingivalis. Culture 

of E. coli transformants of pBSAhagC in LB-broth supplemented with 5pg/ml tetracycline 

confirmed the functionality of the tetQ gene, as growth only occurred in broths that were 

inoculated with bacteria that contained the plasmid phagCA.

Using the same methodology a cassette was constructed to delete hagC from the 

ATCC33277 genome. The degree of DNA sequence homology between strains W83 and 

ATCC33277 meant that only the 3’ region of the cassette used in strain W83 needed to be 

replaced in order for the cassette to function in strain ATCC33277. Primers ATCC 

HagC2F and ATCCHagC2R were used to amplify a 300 bp region which was then ligated 

to pBSTetQHCl to give phagCA^TCC. This cassette was then used in transformation to 

delete hagC from the genome of ATCC33277.

3.3.3 Transformation of hagC disruption cassette into P.gingivalis.

Disruption of hagC in P. gingivalis was carried out with digested and undigested phagCA 

DNA. The plasmid DNA was digested with Xhol and Notl to release the hagC cassette, 

allowing tetQ to integrate into the P. gingivalis genome.

As with strain ECMIOO, PCR of the predicted cassette-chromosomal junctions was used to 

confirm integration of phagCA into the chromosomal hagC locus. Primers were designed 

so that one primer in each pair sat adjacent to the hagC orf, while the second primer sat 

within tetQ (Fig 3.3 a).

Following correct integration, amplification with HC1_IF and HC1_IR was predicted to 

yield a 1200 bp product. The predicted product size of amplimers obtained with primers 

HC2_IF and HC2_IR was also 1200 bp. PCR amplimers matching the predicted sizes were 

detected in successfully transformed colonies (Fig 3.3 b). Further confirmation was also 

carried out by DNA sequencing. The sequencing results confirmed the deletion of hagC
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and the presence of tetQ, yielding strain ECM200. The same methods were used to 

transform phagCA^TCC into strain ATCC33277. After multiple attempts the experiment 

failed to yield any transformants.

3.3.4 Construction of AhagB/\hagC mutant in P.gingivalis

Due to the high levels of homology between hagB and hagC, creation of a AhagB/AhagC 

double mutant first required that the entire hagC orf be deleted with phagCA, followed by 

targeted disruption of hagB with pJWl.

Electrocompetent cells of ECM200 were prepared and transformed with plasmid pJW 1. 

Transformants were selected for on agar containing 50 pg/ml gentamicin and 5 pg/ml 

erythromycin for 10 - 14 days. Eight colonies were observed on the plates all of which 

were stored for further investigation.

In order to confirm that the plasmids phagCA and p.IWl had incorporated correctly into 

P. gingivalis, PCR and Southern blot analysis were carried out.

A number of PCR reaction were carried out in order to confirm the genotype of 

AhagB/AhagC using primers that were previously used to characterise strains ECMIOO and 

ECM200. A second confirmatory PCR experiment was also designed to identify the 

difference in size in the hagB and hagC encoding regions of the chromosome following 

correct integration of the cassettes (Fig 3.5 a & b). It was predicted that these regions 

would be smaller in size in wild type W83 compared to the AhagB/AhagC mutant. The 

predicted amplimers were observed in both strains (Fig 3.5 c).

The PCR products from AhagB/AhagC were subsequently gel purified and ligated into 

plasmid pGEM T-Easy in accordance with the manufacturer’s instructions. The plasmids 

were then digested using Notl, which has two cut sites in pGEM T-Easy, to allow for the
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presence of the correct inserts to be confirmed. Expected band sizes of 4.4 kb for the 

disrupted hagB region and 3.1 kb for the deleted hagC region were observed.

Plasmid DNA was sent for sequencing using Ml3 F and Ml3 R primers, subsequent 

primer walking was then carried out to obtain the full sequence of the region. Sequencing 

confirmed that both genes had been successfully mutated to create AhagBIAhagC, which 

was designated as strain ECM233. The original PCR primers had been designed to 

facilitate the creation of a full sequence map of entire chromosomal region between orfs 

pgin_c_17_261 and pgin_c_l_7249 which correspond to hagB and hagC loci in ECM233. 

Southern blot analysis was performed using a probe designed against a central region with 

100% homology to both the hagB and hagC genes in P. gingivalis strain W83 (Fig 3.6). 

Genomic DNA from wild type W83, ECMIOO, ECM200 and ECM233 was isolated and 

digested with BglW. The digested fragments were then transferred to nylon membranes 

after electrophoresis. In the parent strain W83, two bands were expected, a 4 kb band 

representing hagC and a 5.3 kb band representing hagB. For strain EMC200 the 4 kb was 

expected to be deleted entirely but the hagB band to be identical to wild-type. In 

AhagB/AhagC the hagB band was expected to shift upwards, with no band present for 

hagC (Fig 3.6).

3.2.5 Confirmation of AhagB complemented mutant

The reinsertion of hagB and the removal of ermAM:ermF cassette was confirmed through 

antibiotic resistance profiling and PCR. Transformants were plated onto agar containing 10 

pg/ml chloramphenicol, 5 pg/ml erythromycin or 2 pg/ml tetracycline. All transformants 

grew on the media contain 2 pg/ml tetracycline as expected.

It was anticipated that successful transformants would fail to grow on the media containing 

erythromycin and would successfully grow in the presence of chloramphenicol.
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This was the case for transformant number 2 but unequivocal resistance profiles were 

found for the other transformants so it was decided to confirm the complementation further 

through PCR based methods.

A number of transformants were screened for the presence of both hagB and the erm 

genes. The expected hagB product of ~2100 bp was seen in all transformants with the 

exception of transformant 5 (Fig 3.7 a). The colonies were then screened for the presence 

of the erm cassette which would be predicted to be absent from transformants with the 

correct insertion. (Fig 3.7 b). Transformant 2 was both positive for the presence of hagB 

and negative for the presence of the erm genes (Fig 3.7 a and b) indicating the correct 

genotype and was designated GMC100

3.2.6 Analysis of hagB and hagC expression in WT and mutant strains

Expression studies of the hagB and hagC gene were carried out to profile expression 

during exponential phase as well as to ensure that expression levels in the mutants were as 

expected.

The expression of hagB was found to be high during this stage in the growth cycle. As the 

hagB cassette is a disruption cassette as opposed to a deletion cassette we expected to 

observe some expression for all strains. The highest levels were observed for WT and 

strain GMC 100 both of which have a fully functional hagB gene. Interestingly strain 

ECM200 which also has a hagB was expressed at a lower level compared to both of these 

strains with its levels been equivalent to strain ECMIOO and ECM233, which is reflected 

in the statistical analysis of the data. In the case of this data set, an unpaired student t-test 

was carried out to assess the difference between the WT and each mutant strain 

individually. There were statistically significant differences between WT and strain 

ECMIOO (p-value 0.0366), WT and strain ECM200 (p-value 0.0413) and WT and strain 

ECM233 (p-value 0.0195) (Fig 3.8).
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Expression levels of hagC were assessed. These were found to be substantially lower than 

that of hagB. There was a statistically significant difference between strain ECMIOO and 

the other mutant strains, with strain ECMIOO showing a significantly higher level of 

expression. Minimal levels of expression were detected in all strains were hagC had been 

deleted (Fig 3.9). This was as expected given the absence of the gene.
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123456 789 (b)

123456 789

Figure 3.7: a) A 0.8 % agarose gel confirming the presence of hagB in AhagB 

complemented mutants 1) I kb ladder 2) negative control 3) positive control 4-9) screened 

transformants (expected product size of 2100 bp) b) A 0.8 % agarose gel confirming the 

absence of the erm cassette in ^hagB complemented mutants. 1) 1 kb ladder 2) negative 

control 3) positive control 4-9) screened transformant
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Figure 3.8: Diagram showing that at OD6oo of 0.7 under haemin rich conditions hagB is 

expressed. Expression level is based on ACt values as calculated in section 2.3.2. Student t- 

tests were used to compare WT to each mutant strain individually it was found that there 

were statistically significant differences between WT and strain ECMIOO (p-value 0.0366), 

WT and strain ECM200 (p-value 0.0413) and WT and strain ECM233 (p-value 0.0195). * 

indicates a significant value between 0.01 and 0.05. (ECMIOO = AhagB, ECM200 = 

AhagC, ECM233 = AhagB/hagC, CMC 100 = AhagC, hagB::cat)
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Dunnett's Multiple Comparison Test q Significant? P < 0.05?

ECM100 vs. WT 1.886 No

ECMIOO vs. ECM200 2.997 Yes

ECM100 vs. ECM233 2.974 Yes

ECM100 vs. GMC100 2.963 Yes

Figure 3.9: a) Expression levels of hagC after growth in sTSB to OD6ooof 0.7. Expression 

level is based on ACt values as calculated in section 2.3.2 b) Statistical analysis was carried 

out using ANOVA with Dunnet’s Multiple Comparsion carried out post ANOVA. There 

was a statistically significant difference between strain ECMIOO and all other mutant 

strains. * indicates a significant value between 0.01 and 0.05. (ECMIOO = AhagB, 

ECM200 = AhagC, ECM233 = AhagB/hagC, GMClOO = AhagC, hagBr.cat)
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3.4 Discussion;

P. gingivalis is considered to play a central role in the development of periodontitis despite 

its presence in low abundance. It is currently considered to be a key-stone pathogen for the 

development of the disease whereby through immune subversion mechanisms it helps to 

facilitate and maintain the development of a dysbiotic microbiota (Darveau et ah, 2012). It 

is well known that the organism possess a number of virulence factors that actively 

contribute to the development of chronic periodontitis (Bainbridge et ah, 2010, Darveau et 

ah, 1998). A pathogenic role for haemagglutinins HagB and HagC has been postulated but 

remains to be fully established. Previous studies have shown that both genes are expressed 

during the infectious process in strain Pg381 (Lee et ah, 1996). However whether 

expression varies between strains is unknown. There are extensive genomic 

rearrangements between strains of P. gingivalis which may influence expression (Naito et 

ah, 2008). However it is important to note that the HagB and HagC loci appear to be highly 

conserved between strains, whether or not genetic rearrangements upstream or downstream 

of these loci could lead to variations in expression has yet to be established.

In order for our understanding of the virulence of P. gingivalis to develop further it is 

essential that the role of HagB and HagC in pathogenicity is fully elaborated on. As of yet 

the role of these two proteins in the development of periodontitis has yet to be established. 

However, HagB has been shown to play a role in adhesion to human coronary artery 

endothelial cells, giving it a potential role in the events that trigger the development of 

atherosclerotic plaque (Song et ah, 2005). It has also been identified as been highly 

immunogenic molecule, as such this means that it posses vaccine potential, which has been 

shown in a variety of animal studies that have been carried out (Dusek et ah, 1994, Katz et 

ah, 1999). Given the high homology between the two proteins on a genetic level it is likely 

that HagC would have similar properties.
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The aim of this section of the study was to create the first AhagB/AhagC mutant in P. 

gingivalis so that the role of these genes in the virulence of P. gingivalis could be 

established more clearly.

Upon transformation of plasmid pJWl into strain W83 it was found that a number of 

outcomes could be obtained. The plasmid could, as expected target the hagB gene, or as 

was seen in the Southern blot pJWl could recombine with the 5’ end of hagB and the 3’ 

end of hagC to delete the entire Hag locus. This is interesting to note as it highlights that 

these genes are not essential to this strain of P. gingivalis.

It is also in contrast to previous deletion studies carried out in strain Pg381 with plasmid 

pJW 1 which did not result in this type of double disruption event, suggesting that hagB and 

hagC are essential in strain Pg381, but not in strain W83 which was used in the present 

study.

It meant that as we were using plasmid pJWl to create strain ECM233 careful 

consideration of the hagB and hagC genes was required and approaches tailored to 

overcome the high sequence homology as well as plasmid pJW 1 insertion capabilities. For 

any attempt to be succesful it was vital that one of the genes was fully removed from the 

P.gingivalis genome prior to any attempts to disrupt the remaining gene. For this reason, 

we created phagCA, a deletion cassette designed to remove hagC completely from the 

genome and replace it with tetQ, thus ensuring that the second plasmid used, plasmid 

pJW 1, would selectively disrupt the hagB gene only.

A number of methods were used to confirm strain ECM233 including Southern blot 

analysis, a number of PCRs and DNA sequencing. This was carried out in order to ensure 

that both plasmids had inserted as expected. The expected results were seen for all 

confirmation studies carried out.
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In order to complete the strain set a complemented hagB mutant was created using a re- 

insertational cassette which also contained the chloramphenicol resistance gene. The 

expected resistance phenotype for this mutant upon succesful insertion of the cassette was 

chloramphenicol resistant and erythromycin sensitive, as the erythromycin resistance genes 

would be completely removed when hagB was restored. This was the case for some of the 

transformants but not all, some still showed the presence of erythromycin resistance.

In order to confirm the mutant more firmly it was decided to use PCR based methods to 

check for the presence of hagB and the absence of the erm cassette (Fig 3.7). As was 

expected most transformants were PCR positive for the presence of hagB, with the 

exception of transformant 5, instead of the expected band of ~2100 bp a band that was 

substantially larger (-4000 bp) was observed. The transformants were also screened for the 

presence of the erm genes. Of the five mutants screened, only two were fully PCR negative 

for the presence of erm. Transformant number two matched the expected antibiotic 

resistance and PCR profiles; as such it was labelled strain GMClOO and used in all further 

experiments. There are a number of reasons that some of the transformants may have been 

screen positive for the presence of the erm genes and why transformant number 5 gave a 

substantially larger band when screened for hagB. The cassette used to create strain 

GMClOO is capable of inserting into the P. gingivalis genome in a number of ways, which 

would have allowed for the results seen.

An attempt was also made to create a hagB and hagC mutant strain set in the ATCC33277 

background, as this would have allowed for comparsion between a non-fimbriated virulent 

(W83) and a fimbriated strain that is considered less virulent (ATCC33277). While we 

were able to use plasmid pJWl to create a hagB knock-out we were unable to remove 

hagC from the genome.
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This could be because the hagC gene is essential to strain ATCC33277 and thus removing 

it from the genome was fatal for the bacterium. Also strain ATCC33277 is not as robust a 

strain as strain W83, which in my experience recovers more rapidly post transformation. 

This lack of robustness could have contributed to its inability to survive the transformation 

as removing hagC would have weakened the strain in comparsion to wild type.

It is interesting to note that in previous studies a double hagB/hagC mutant could not be 

created in strain Pg381 either, although single mutants were viable. This suggests that 

these genes are essential to strain Pg381. From ATCC33277 our data would suggest that 

hagC is essential for function and that removal of the gene is lethal to the bacterium, hagB 

appears to play a less important role. Both of these strains are fimbriated but strain Pg381 

is classed as a virulent strain of P. gingivalis, whereas ATCC33277 is not, at least in the 

abscess model of infection. It is worth noting that both of these strains are fimbriated and 

perhaps the reason that a double mutant cannot be created is that HagB and HagC 

potentially play a role that is linked to the production or transport of fimbriae. One way to 

assess this further would be to take another non-fimbriated strain of P. gingivalis and see if 

the hagB and hagC can be safely removed from the genome without the mutation proving 

fatal.

The expression of hagB and hagC during the exponential phase of bacterial growth has 

been examined previously (Lepine and Progulske-Fox, 1996). This study found that hagB 

was expressed during the early exponential phase while hagC was detected later in the 

growth cycle. Our study reflects these findings with high levels of hagB transcripts been 

detected and low levels of hagC transcripts. It is worth noting that expression of hagC was 

higher in WT and ECMIOO compared to all other strains. This is the expected result given 

the deletion of the hagC gene and also serves to highlight the sensitivity of the primers 

used in the study.
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This is the first study where a A.hagB/AhagC mutant has successfully been created in P. 

gingivalis. One of the reasons that our attempt was succesful could be our choice of strain. 

In this study we used strain W83 which is a robust strain of P. gingivalis that grows faster 

than other strains such as ATCC33277 and Pg381. Its more efficient growth rate may make 

its post-transformation recovery easier than what it would be for other strains, an idea that 

is supported by the inability to successfully remove hagC from strain ATCC33277. Here 

we show that neither hagB nor hagC are essential for growth and survival in strain W83, 

evidence which is further corroborated by the ability of plasmid pJW 1 to recombine with 

both genes and remove the entire locus from the P. gingivalis genome.
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Chapter 4: Examining the role of hagB and hagC 

in pigmentation, growth, haemagglutination and 

environmental stress sensitivity.
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4.1 Introduction

Porphyromonas gingivalis propagates in a very specific niche in the oral cavity, the 

gingival crevice, where its nutritional requirements are met and there is reduced oxygen 

tension (Lamont and Jenkinson, 1998). Haem, a proto-porphyrin, is an essential 

requirement for the growth of P. gingivalis. It is a component of haemoglobin found in red 

blood cells (Lamont and Jenkinson, 2000). P. gingivalis is missing most of the genes 

required for de novo porphyrin biosynthesis, and as such it must acquire this essential 

molecule from the environment (Olczak et ah, 2005). In addition, the bacterium does not 

produce siderophores meaning that it cannot acquire iron via this scavenging mechanism 

and instead must rely on its haem uptake systems for iron accumulation.

The molecules required for haem uptake include a number of specific outer membrane 

receptors, lipoproteins and haemagglutinins in addition to a group of proteases required for 

haemoglobin breakdown, known as the gingipains. This latter group is composed of three 

proteolytic enzymes RgpA, RgpB and Kgp which are encoded for by three separate genes 

rgpA, rgpB and kgp, respectively. These enzymes are argine and lysine specific 

extracellular proteinases that act in conjunction with the Hmu haem uptake system. RgpA 

and RgpB are specific for Arg-Xaa bonds, whereas Kgp is specific for Lys-Xaa bonds 

(Smalley et ah, 2011). The gingipains facilate proteolytic mediated haem acquisition from 

oxygenated haemoglobin. The freed haem is then acquired using a dual component uptake 

system consisting of HmuY and HmuR. The haem molecule is bound to HmuY, which 

then binds to HmuR (its outer-membrane receptor) to facilitate internalisation of the 

acquired haem molecule. Both are encoded for by the hmu operon, which is in turn 

regulated by environmental levels of iron (Olczak et ah, 2008).

A second haem acquisition system has also been identified in P. gingivalis, termed the 

HusA system. The system has yet to be fully defined but the HusA protein was found to
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have a higher binding affinity for haem than HmuY. HusA is expressed and released from 

the bacteria’s cellular surface and has been shown to be essential for P. gingivalis growth 

under haem limited conditions (Gao et al., 2010).

The acquisition of haem from the surrounding environment gives P. gingivalis its classic 

black pigmentation when grown on blood agar. P. gingivalis stores haem on its surface in 

the form of p-oxo bishaem (Lamont and Jenkinson, 1998), the p-oxo bishaem molecule is 

composed of two proto-porphyrin IX rings bridged by an oxygen atom and is commonly 

referred to as dimeric haem. It is generated by P. gingivalis through the reaction of 

haemoglobin-derived iron (II) or iron (III) protoporphyrin IX and oxygen from both oxy- 

and deoxy-haemoglobin and subsequently deposited on the bacterial cell surface (Smalley 

et al., 2002). The presence of p-oxo-bishaem accounts for both the initial greenish colour 

of P. gingivalis as seen on blood agar in the early stages of growth, as well as the black 

pigmentation seen later, which is due to accumulation of p-oxo bishaem over time on the 

bacterial surface (Smalley et al., 2004).

The generation of p-oxo bishaem serves as an important virulence factor for P. gingivalis. 

It allows for free oxygen to be absorbed and in doing so it prevents free monomeric haem 

groups from taking part in the production of reactive oxygen species (ROS). The coating 

also has inherent catalase activity meaning that it has protective capabilities against 

oxidative attack by immune cells releasing hydrogen peroxide (H2O2) (Smalley et al., 

2004).

Haemagglutinins are important virulence factors for P. gingivalis as they facilitate the 

acquisition of haem from red blood cells and feed into the haem acquisition systems 

outlined previously. P. gingivalis possesses at least eight haemagglutinins; a subset of 

which is known as the Hag proteins. The haemagglutinins have varying levels of homology 

to one another with HagA and HagD sharing 73.8% amino acid sequence identity and
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HagA and HagE sharing 93% identity. The highest levels of homology can be seen 

between HagB and HagC proteins, which are 98.6% identical. The genes encoding hagB 

and hagC are 98.57% identical at the nucleotide sequence level and the genes which 

encode for them are located closely together on the chromosome (Lepine and Progulske- 

Fox, 1996). There is no significant homology between the HagA, HagD and HagE proteins 

and HagB and HagC.

The P. gingivalis stress response has been well examined. The effect of oxygen on the 

growth and physiology of the organism has been studied previously, where it was found 

that the organism is oxygen tolerant and the level of tolerance increases in the presence of 

increasing haemin concentrations in the media (Diaz and Rogers, 2004). The effect of 

haemin on the growth of P. gingivalis has been clearly studied, it is well established that P. 

gingivalis grows poorly in the absence of haemin (Lamont and Jenkinson, 2000). The 

impact that temperature has on the phenotype of the organism has also been investigated. It 

was found that P. gingivalis grew well at all temperatures ranging from 37°C to 41°C, 

however optimal growth was seen between 37°C and 39°C. As temperature increased a 

reduction in gingipain activity was seen, with an 82% reduction in argine specific 

gingipain function and a 72% reduction in lysine gingipain function been seen at 41°C 

(Percival et al., 1999).

Environmental stresses such as these are important to examine in both WT and mutant 

strains given that the oral cavity is in a continuous state of flux, with environmental 

changes taking place constantly. It is essential to understand bacterial responses to such 

stresses in order to elaborate further on their survival mechanisms.

Single hagB and hagC mutants have been described previously which have indicated a role 

for these genes in haemagglutination in Pg381 (Lepine et al., 1996).
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Here, we sought to build on this work by creating a unique double mutant of hagB and 

hagC in P. gingivalis W83. Creation of this mutant allows us to study the role of these 

genes in the virulence of P. gingivalis in more detail, granting us the opportunity to define 

their role more clearly. It was predicted that this double hagB/hagC mutant would have a 

weaker haemagglutination pattern than either of the single mutants. We also sought to 

demonstrate the effect that removing hagB and/or hagC from the P. gingivalis genome has 

on pigmentation, growth and the bacterial stress response, all of which have been 

previously unstudied.
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4.2 Materials and Methods

4.2.1 Pigmentation studies

4.2.1.1 Examination of pigmentation differences on solid media

Overnight broth cultures of P. gingivalis W83 and mutant derivatives were grown in 

haemin free sTSB anaerobically at 37°C. A 100 gl aliquot of each culture was spread onto 

one half of a sTSA agar plate and the plates were incubated anaerobically at 37°C. Plates 

were monitored for growth every day with any differences in pigmentation and colony size 

recorded.

4.2.1.2 Examination of pigmentation difference in liquid media

Cultures of P. gingivalis W83 and its mutant derivatives were cultured in 7 ml haemin free 

sTSB and allowed to grow overnight at 37°C anaerobically. These cultures were used to 

sub-culture subsequent haemin free sTSB broths and incubated anaerobically at 37°C 

overnight. This process was repeated for five days to ensure that the P. gingivalis strains 

had used up all of its stored haem reserves. A 1 ml volume of culture was taken and spun 

at 10,000 X g- for 1 min in a 1.5 ml sterile centrifuge tube (Eppendorf). The subsequent 

pellets of bacteria were examined and photographed for pigmentation differences. This 

was carried out for each strain.

After five days the broth cultures were subcultured into either sTSB which contains 5 

pg/ml (76.9 nM) of haemin or into sTSB containing 10 pM human haemoglobin (Sigma- 

Aldrich). The broth cultures were then incubated anaerobically at 37°C overnight before 

being examined for differences in pigmentation as outlined previously. A 1 ml volume of 

each culture was subcultured into fresh media daily and development of pigmentation was 

examined every 24 hr.
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4.2.2 Growth rate determination

P. gingivalis W83 and the mutant strains were cultured in 20 ml haemin free sTSB for 48 

hr. From these starter cultures, three separate cultures were set-up for each strain at the 

following optical densities (OD); OD6oo of 0.2, ODeoo of 0.4 and OD6oo of 0.6. The optical 

density of each broth was measured hourly and noted. A final 24 hr measurement was 

taken from the ODeoo 0.6 cultures. The data generated from each of the cultures was 

amalgamated to generate a continuous growth curve for each strain over a 24 hr period. 

The doubling times for each strain were calculated using Graphpad Prism 5 software 

(Graphpad Software Inc., 7825 Fay Avenue, Suite 230, La Jolla, CA 92037, USA). This 

experiment was carried out in triplicate.

4.2.3 Haemagglutination assays

A 2 ml volume of defribinated sheep’s blood was pipetted into a sterile 50 ml falcon tube 

and spun at 1,500 x for 10 min. The supernatant was then removed and the red blood cell 

(RBC) pellet was re-suspended in 6 ml sterile 1 X PBS (Sigma- Aldrich) and centrifuged 

at 1,200 X g for 5 min. This wash was repeated with 6 ml of PBS. The supernatant was 

aspirated from the resulting pellet and the size of the pellet was measured using a sterile 

10 ml pipette. A sufficient volume of PBS was then added to the pellet to yield a 10% 

vol/vol suspension of RBCs. In the haemagglutination assay, a final working solution of 

2.5% vol/vol RBCs was used. This was made by making a 1:4 dilution on the 10% vol/vol 

solution in PBS. Cultures of WT and mutant strains were grown in haemin rich sTSB to 

the desired OD6oo measured using a spectrophotometer. Sterile haemin rich sTSB was used 

to blank the spectrophotometer. Once the desired ODgoo was reached a 1 ml volume of 

culture was added to a sterile micro-centrifuge tube and pelleted at 10,000 x g for 1 min. 

The media was then removed and the cell pellet was re-suspended in 1 ml of 1 X PBS.
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The pellet was washed twice in 1 ml PBS by centrifugation at 10,000 x g for 1 min. The 

cells were re-suspended in PBS to an ODeoo of 0.7 which has a known bacterial count of ~ 

5x10* cells/ml. Two-fold serial dilutions of the bacterial suspension were prepared in 

PBS. A 100 pi aliquot of each bacterial dilution was then mixed with 100 pi of 2.5% 

sheep’s blood in a column of 8 wells in 96-well microtitre plate with round bottom wells. 

Triplicate columns were inoculated for each bacterial strain. The plate was then incubated 

at room temperature for 18 hr before reading. Assays were read visually, with positive and 

negative reactions determined by eye.

4.2.4 Stress sensitivity testing

The susceptibility of P. gingivalis W83 and mutant derivatives to the stress inducing 

chemicals listed in Table 4.1 was determined. For these experiments, WT W83 and the 

hagB/hagC mutant ECM233 were grown in haemin free sTSB overnight. Blank antibiotic 

disks (Oxoid) were soaked in the chemical being tested for 2 min to ensure that the disk 

was saturated. A 1 ml volume of bacterial culture of WT W83 or ECM233 was spread onto 

a sTSA plate. The disk soaked with the agent being tested was placed in the centre of each 

of the inoculated plates (Table 4.1). Solutions of 10 X PBS and 1 M NaCl were used to 

test halotolerance. Hydrogen peroxide and diamide were used to generate oxidative stress. 

Crystal violet is a known antimicrobial believed to interfere with the bacterial cell wall. 

Ferrozine is an iron chelator and was used to assess susceptibility to iron limitation. Both 

ionic (10 % N- laurolysarcosine) and non-ionic (Triton X-100) detergents were used to 

assess membrane stability. Plates were incubated anaerobically for seven days at 37°C and 

the zone of clearance around each disk was then measured. As a positive control for 

inhibition, disks soaked in 10 pg/ml of chloramphenicol were used. For a negative control 

4-(2-hydroxyethyl)-l-piperazineethanesulfonic acid) (HEPES) was used.
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Table 4.1: A table listing the reagents used for stress sensitivity testing of P. gingivalis 

W83 and mutant derivative ECM233, showing zones of inhibition for each agent tested.

Agent tested Sensitivity (measured by zone of clearance in mm)

WT W83 ECM233

Control: Chloramphenicol (lOpg/ml) 34.33 (±2.081) 35.66 (±1.527)

HEPES solution 0 0

10% N-laurolysarcosine 0 0

10 X Phosphate buffer saline 0 0

IMNaCl 0 0

Ferrozine 0 0

9% vol/vol Hydrogen peroxide 11.66 (±0.577) 12.33 (±0.577)

Crystal violet 37 (±2.645) 35 (±2.00)

Diamide 28.3 (±2.886) 28 (±1.732)

Triton X-100 26 (±1.00) 27.6 (±0.577)
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4.3 Results

4.3.1 Analysis of the effect of removal of hagB and hagC from the P. gingivalis W83 genome 

on pigmentation in solid and liquid media

To determine the role hagB and hagC in the pigmentation of P. gingivalis the effect of 

mutation of hagB and hagC was assessed. This analysis was carried out in comparsion to 

the WT strain using both plate and broth based methods.

After four days growth on sTSA plates there were observable differences in pigmentation 

(Fig 4.1). By this time, WT W83 exhibited the classic black pigmentation, whereas 

ECMIOO and ECM200 were a pale brown/green colour in comparsion. ECM233, in which 

both genes have been disrupted, was white/cream in colour. Colonies of ECM233 were 

also smaller compared to WT W83 following 4 days incubation, indicating a slower 

growth rate (Fig 4.1). Restoration of hagB to strain ECM233 (strain GMClOO) resulted in 

partial restoration of WT pigmentation to a similar level observed in ECM200. After 

further incubation for another seven days it was found that all mutant strains had darkened 

in their pigmentation, with ECMIOO, ECM200 and GMClOO exhibiting darker 

pigmentation compared to ECM233. However all mutant strains remained a dark 

brown/green colour and colonies never exhibited the classic black pigmentation seen in 

WT W83.

Following analysis of pigmentation using plate based methods it was decided to establish if 

the effect seen on agar plates also occurred in liquid media (Fig 4.2). Broths of each strain 

were set up and incubated anaerobically in haemin free TSB and after 48 hr it was found 

that all pigmentation had been removed from the bacterial pellet. The bacteria were then 

sub-cultured and haemin starved for a further 3 days to ensure depletion of all iron 

reserves. Pigmentation was checked daily and all pellets remained creamy white in colour. 

Bacteria were still viable throughout the sub-culturing process.
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The bacteria were then restored to either sTSB containing 5 gg/ml (76.9 nM) haemin or 

sTSB containing 10 gM haemoglobin. This haemin concentration has been shown to 

support the growth of P. gingivalis (Belanger et al., 2007) and is widely used (Gao et al., 

2012, Wright et al., 2014, Yuan et al., 2007). Unexpectedly, restoration of the strains to 

haemin containing media did not restore pigmentation. The bacterial pellets remained 

creamy white in colour for the duration of the experiment.

However, restoration of the bacteria to haemoglobin did restore pigmentation to the cell 

pellet. After 24 hr, WT W83 and GMClOO exhibited the greatest amount of pigmentation 

with cell pellets that were a deep brovra colour, while strains ECMIOO, ECM200 and 

ECM233 were a light shade of brown (Fig 4.2). After 48 hr all strains had darkened further 

with strain ECMIOO, ECM200 and ECM233 showing regions of deep brown pigmentation 

(Fig 4.2).
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Figure 4.1: Image showing the pigmentation differences between WT W83 and mutant 

strains when grown on sTSA anaerobically at 37°C for 4 days. (ECMIOO = AhagB, 

ECM200 = AhagC, ECM233 = AhagB/hagC, GMClOO = AhagC, hagB::cat)
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Restored to haemoglobin 48 hours
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Figure 4.2: Image showing the level of pigmentation in cell pellets from broth cultures of 

P. gingivalis following haem starvation (top row) and subsequent restoration to 

haemoglobin or haemin rich broth post starvation for 24 hr or 48 hr. The strain names are 

shown below, (ECMIOO = AhagB, ECM200 = AhagC, ECM233 = AhagB/hagC, GMClOO 

= AhagC, hagB::cat).
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4.3.2 Determining the impact removal of hagB and hagC on growth and doubling times in 

sTSB.

Growth curves were generated in sTSB liquid cultures following haemin starvation to see 

if the removal of hagB and hagC affected the ability of P. gingivalis to grow in broth 

culture (Fig 4.3). A number of differences were observed between the strains. WT W83 

and ECM200 had similar doubling times of 7.3 hr (7 hr 18 min) and 7.2 hr (7 hr 12 min), 

respectively. ECMIOO had a doubling time of 6.89 hr (6 hr 53 min) which was faster than 

that of WT. Strain ECM233 gave a doubling time of 8.73 hr (8 hr 44 min) which is almost 

1.5 hr slower than that of WT. Of all the strains, strain GMC100 had the longest doubling 

time of 11.53 hr (11 hr 30 min).
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WT
ECM100
ECM200
ECM233
GMC100

WT ECMIOO ECM200 ECM233 GMC100
Doubling Time 7.302 6.892 7.293 8.732 11.53

Figure 4.3: Graph showing a comparison of growth rates between WT W83 and mutant 

strains of P. gingivalis. Doubling times in hr are shown below. (ECMIOO = AhagB, 

ECM200 = AhagC, ECM233 = AhagB/hagC, GMClOO = AhagC, hagB::cat)
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4.3.3 Examining the role that hagB and hagC in haemagglutination in P. gingivalis W83

Haemagglutination assays were carried out to determine if there were differences in the 

ability of WT W83 to haemagglutinate red blood cells compared to mutant strains (Fig 

4.4). Clear differences in haemagglutination were observed between WT W83 and 

ECM233 cultures grown to OD600 0-4 or 0.6. It was found that WT had a titre of 16 while 

ECM233 had a titre of 2, indicating a strong defect in haemagglutination. At OD600 0.6 WT 

W83 had the same score as strain ECM200 (16), however at the lower optical density of 

0.4, the score for ECM200 dropped from 16 to 8. Strains ECMIOO and ECM233 

consistently gave titres 1 to 2 dilutions lower than WT W83.

4.3.4 Exploring the effect mutagenesis of hagB and hagC on the stress response of P.gingivalis 

W83

The ability of the strain ECM233 to cope with exposure to environmental stress was 

compared to WT W83 (Fig 4.5). All strains were grown in broth culture overnight before 

being lawned on sTSA plates with disks of the agent being tested as described in section 

4.2.4. After several days of growth, differences in the zones of clearances were measure in 

mm (Table 4.1). Each test was carried out in triplicate. There were a number of reagents to 

which WT W83 and mutant strains of P. gingivalis exhibited intrinsic resistance to, 

including IM NaCl, Ferrozine and N-laurolysarcosine. Where sensitivity was detected, 

there was found to be no statistically significant difference between WT W83 and strain 

EC1VI233 (p-value > 0.05).
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Figure 4.4: Haemagglutination assays of P. gingivalis with sheep RBCs (2.5% sheep’s 

blood) demonstrating the difference in haemagglutination capabilities between WT W83 

and the mutant strains ECMIOO, ECM200 and ECM233 grown to either O.Daoo 0.4 or 0.6 

in. sTSB. (ECMIOO = AhagB, ECM200 = AhagC, ECM233 = ^hagB/hagC).
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Figure 4.5: Results of stress sensitivity testing of WT W83 and mutant strain ECM233 

(AhagB/C) to chloramphenicol (control), 9% vol/vol hydrogen peroxide, crystal violet, 

diamide and Triton X-100. No statistically significant difference in growth between WT 

W83 and strain ECM233 was detected (p-value > 0.05). All experiments were carried out 

in triplicate.
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4.4 Discussion

Understanding the role hagB and hagC play in processes that are vital for the survival of P. 

gingivalis is an important contribution to our understanding of the bacteria as a whole. 

Pigmentation, haemaglutination, and the ability to survive in the presence of environmental 

stressors are all essential characteristics that allow P. gingivalis to thrive during infection. 

The role of the hagB and hagC genes and their encoded proteins in some of these processes 

has been partially characterised. However, in contrast the roles of the other hemagglutinins 

hagA, hagD and hagE in these processes have been extensively characterised. Previously, 

the ability of HagA and HagB to act as haemagglutinins has been shown in single mutant 

studies (Lepine et al., 1996). However no study carried out to date has examined the 

impact that removal of both hagB and hagC would have on bacterial survival mechanisms. 

Here we sought to examine the effect that the removal of these genes would have on some 

of the basic processes that P. gingivalis requires for survival.

It has been shown previously that hagB and hagC have haemagglutination activity but are 

not the sole mediators of the process in P. gingivalis (Lepine et al., 1996). We show here 

that mutants of one or both of the hagB and hagC genes have a reduced capacity to capture 

red blood cells. The double mutant strain ECM233 has the weakest haemagglutination 

pattern of the strains tested and strains ECMIOO and ECM200 were shown to be defective 

compared to WT. It is worth noting that the double hagB/hagC mutant described here has 

a similar pattern of haemagglutination to the rgpA/kgp mutant described by Shi et al. 

(1999). This suggests that hagB and hagC are as essential to this process as kgp and rgpA. 

In both our study and the work of Shi et al. it can seen that individual mutants of hagB, 

hagC, rgpA, kgpB or hagA results in a 2-fold reduction in haemagglutination titre relative 

to their respective wild-type parental isolates.
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A double rgpA/kgp mutant exhibited an 8-fold reduction in titre relative to wild-type 

whereas the double hagB/hagC mutant described here exhibits a 4-fold reduction in titre. 

These data confirm that hagB and hagC play a major role in haemagglutination, at least as 

important as the gingipains rgpA, kgp and hagA. It also refutes the claim that rgpA, kgp 

and hagA are the sole mediators of haemagglutination in P. gingivalis (Shi et ah, 1999), as 

our study shows that hagB and hagC make significant contributions to this process.

Given that the mutants are defective in their ability to capture red blood cells and as such 

access the protoporphyrin ring, it is perhaps not surprising that they are defective in 

pigment production. The classic black pigrnentation displayed by P. gingivalis when 

grown on blood agar plates has a number of functions. It represents a means of nutrient 

storage for the bacteria as well as a means of protection against free radicals released by 

white blood cells such as neutrophils. In this study, analysis of pigment accumulation was 

determined following haemin starvation to remove residual pigmentation. After four days 

of growth on sTSA some very strong pigmentation differences were observed between the 

strains (Fig 4.1). WT W83 reached its normal levels of pigmentation with colonies 

appearing black and glossy on plates, in comparsion the single mutants were a pale, murky 

brown/green colour. The double mutant, strain ECM233 was a pale creamy colour and 

formed colonies that were significantly smaller than WT W83. Reintroduction of hagB to 

ECM233 partially restored pigmentation to a level similar to that observed in the single 

mutants confirming the role of hagB in this phenotype. After a further five days incubation 

all strains darkened in pigmentation, however the mutant strains never developed the 

classic back pigmentation associated with P. gingivalis instead remaining a dark 

brown/green shade.

Similar results have been observed in studies of gingipain mutants. Shi et al. (1999) found 

that a kgp mutant had reduced pigmentation capabilities, similar to those observed in our
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single mutant strains during early growth. Interestingly an rgpAIrgpB double mutant did 

not exhibit reduced pigmentation. However when all three gingipains were deleted a severe 

pigmentation defect developed (Shi et al., 1999), akin to what was observed in the current 

study during the early stages of growth of strain ECM233. While our mutant strains darken 

over time (~ 7 days) the various gingipains mutants had failed to do so. It is however 

possible that the plates were not incubated for long enough to allow for pigmentation to 

develop. This suggests that hagB and hagC play a similar role in the development of 

pigmentation as the gingipains and that they are equally as important to the process.

While pigmentation is defective in our mutant strains, all of the mutants darken following 

extensive incubation (~7 days). This suggests that in the absence of hagB and/or hagC the 

ability of the organisms to acquire haem is reduced but not completely lost. The likely 

reason for this could be the reduced ability of mutant strain to capture red blood cells via 

haemagglutination. This would slow the rate at which pigmentation develops substantially 

as rates of haem uptake would be directly affected. The fact that the colonies are 

green/brown in colour suggests that p-oxo bishaem is still been formed by P. gingivalis 

(Smalley et al., 2004). However, it could be also be true that removal of hagB or hagC 

affects the ability of the organism to store p-oxo bishaem on its surface, preventing the 

same level of storage that is seen in WT that gives the classic black pigmentation. We 

know from our qPCR studies that the mutant strains are expressing the key gingipains 

proteins involved in this process, indeed in some cases they appear to be up-regulating 

them (Chapter 5)

Broth based pigmentation studies revealed similar results (Fig 4.2). Restoration to media 

containing haemin did not restore pigmentation, while restoration to media containing 10 

pM haemoglobin did. The lack of pigmentation in haemin broth is most likely due to the 

fact that the levels of haemin used in the media (76.9 nM) are too low to allow for the
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development of pigmentation (John Smalley, Personal Communication). However, higher 

levels of haemin are toxic to the bacteria, making it difficult to analyse pigment restoration 

in broth cultures containing haemin as the source of porphyrin (John Smalley, Personal 

Communication).

The concentration of haemoglobin used in these experiments was 10 pM, which is a 

substantially lower level of haem than is present in human biological systems, given that 

the final concentration of haemoglobin in human blood is 2 to 3 mM. The concentration of 

haemoglobin we used is ~ 100 times lower than that of human blood. It is worth noting that 

even with this low level of haemoglobin, pigmentation in the haemoglobin broth cultures 

still occurred. Restoration to haemoglobin resulted in the formation of a brown 

pigmentation (Fig 4.2) as opposed to the black or green/black pigmentation observed when 

the strains are grown on sTSA post starvation. This suggests a different manner of defect 

where p-oxo bis-haem is not been formed and that the pigmentation observed is likely the 

result of storage of the brown-pigmented molecule Fe (III) proto-porphyrin IX species 

(Smalley et al, 2004). However it is also possible that the colonies were not incubated for 

long enough in the haemoglobin rich media to allow for full pigmentation to develop as 

these cultures were only incubated for 48 hr. One way to fully establish the exact nature of 

the pigment present would be through ultra-violet visible spectroscopy based methods used 

by Smalley et al. (2004). These methods would allow for the exact biochemical nature of 

the iron based pigments present on the surface of each mutant to be established.

It is also worth noting that restoration of hagB in strain GMClOO generated a strain that 

developed pigmentation in haemoglobin sTSB just as quickly as WT W83, which is 

unexpected as GMClOO is genotypically similar to the pigment defective strain EMC200 

(AhagC). It has been postulated that the removal of hagB and hagC from the genome could 

trigger the activation of compensatory mechanisms. This is illustrated further in Chapter 5
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where the qPCR data suggests that strain ECM233 has higher levels of gingipain 

expression in comparsion to the WT strain (Chapter 5). RgpA in particular exhibits higher 

levels of expression in ECM233 and has been shown previously to contribute to the 

expression of haemoglobin receptor domain protein (HbR) which has the ability to bind 

haemoglobin (Shi et al., 1999). In strain GMClOO, where hagB has been restored to strain 

ECM233, it is possible that there is an additive effect of hagB restoration and over­

expression of gingipains which allows for faster development of pigmentation.

Growth curve analysis was carried out on all of the strains in sTSB after haemin starvation 

for 48 hr. A number of differences were found between the strains. WT and ECM200 had 

similar doubling times while strain ECMIOO grew faster than WT. This could be because 

removal of this gene which is highly expressed in sTSB allows the bacterium to redirect 

the energy it would spend producing and exporting HagB into other proteins essential for 

growth, allowing the bacteria to grow more quickly. As the bacterium does not need to 

agglutinate and lyse red blood cells in sTSB, there appears to be no negative consequences 

associated with deletion of hagB in liquid media. It is also interesting to note that in a study 

carried out on gingipain mutants, an rgpA/rgpB mutant and an rgpA/rgpB/kgp triple mutant 

also grew faster than the WT parent strain, which in this case was strain ATCC33277 (Shi 

etal., 1999).

Strains ECM233 and GMClOO grew slower in comparison to the other strains. In the case 

of ECM233 the doubling time was almost 1.5 hr longer than that of WT W83. This 

suggests that removal of both hagB and hagC does affect the ability of P. gingivalis to 

grow in sTSB. However, the effect on growth may be indirect. In the absence of hagB and 

hagC, strain ECM233 is expressing compensatory mechanisms which require large 

amounts of energy to produce, including the gingipains. As noted above, Shi et al (1999). 

have shown that expression of the gingipains has a considerable effect on growth rate. The
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energy that is being fuelled into the production of compensatory proteins may slow the 

growth of the organism down, leading to the increased doubling time seen in the strain. 

Unexpectedly strain GMClOO, the complemented mutant, has a significantly extended 

doubling time which was ~ 4 hr longer than that of WT W83. It was assumed that re­

addition of hagB into the P. gingivalis genome would restore doubling times to a level 

similar to the single hag mutants. As strain ECM233 is already funnelling energy into 

other compensatory mechanisms to facilitate bacterial survival, it could be that re-addition 

of hagB back into the genomes adds to the burden of protein production. This means that 

the bacterium is now spending energy not only producing hagB but potentially other 

compensatory proteins as well, thus slowing the doubling time of the strain down 

significantly. All of these data suggest that production of the proteins required for haem 

acquisition by P. gingivalis is an energetically expensive process, highlighting its 

importance for bacterial growth.

Environmental stress tests were carried out on the WT W83 and strain ECM233 using a 

number of known stressors. P. gingivalis was found to be halophilic as both IM NaCl, 10 

X PBS had no effect on growth (Sigma-Aldrich). This suggests that the bacteria are 

capable of surviving in the presence of high salt concentrations. This has been 

demonstrated previously in the case of iron salts. In this study, carried out in broth culture 

P. gingivalis was found to grow well in the presence of high levels of metal sulphides 

(Milner et ah, 1996). Ferrozine (Sigma-Aldrich) also known as 3-(2-Pyridyl)-5,6-diphenyl- 

l,2,4-triazine-/i,;i'-disulfonic acid monosodium salt hydrate was also tested. This is an iron 

chelating agent which binds Fe^"^. P. gingivalis did not exhibit any susceptibility to this 

agent which was not unexpected as P. gingivalis acquires its iron from haem sources. Both 

strains tested were also found to be resistant to 10% N-laurolysarcosine which is another 

sodium salt compound as well as an ionic detergent which would be capable of interfering 

with protein structures on the baeterial cell surface.
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It has been shown previously that P. gingivalis is able to adapt to the presence of oxidative 

stress. Studies have shown a role for PG2212 zinc finger protein in the management of 

oxidative stress. It is believed to be a transcriptional regulator that plays an important role 

in oxidative stress resistance in strain W83 (Dou et al., 2014). Using plate based methods 

we wanted to establish if removal of hagB, hagC or both interfered with the oxidative 

stress response in P. gingivalis, particularly in light of the pigmentation and 

haemagglutination assay results. Both strains were equally susceptible to 9% vol/vol 

hydrogen peroxide. Similarly both strains had similar susceptibilities to the ROS 

generating chemical diamide. This reagent has been used in previous P. gingivalis studies 

to examine survival under stress conditions (Yanamandra et al., 2012).

Crystal violet (gentian violet) is routinely used in microbiology as a component of the 

Gram staining process. It is a dye that is composed of a mixture of violet rosanillinis with 

antibacterial, antifungal and antihelmintic properties (Docampo and Moreno, 1990). The 

dye dissociates in physiological conditions and retains a positive charge. This charge is 

attracted to the negative cell surface components such as LPS and peptidoglycan where in 

close proximity the dye forms a covalent bond with the bacterial cell surface. It has weaker 

anti-microbial activity against Gram negative organisms possibly due to the fact that it has 

to penetrate through a lipid barrier in order to access the microbial cell wall in Gram 

negative organisms (Maley and Arbiser, 2013). We found no difference in sensitivity to 

this agent in either strain, suggesting that there is no major difference in cell wall structure 

between the two strains. This was also suggested by the similar susceptibility patterns of 

both strains to Triton X-100.

Here we clearly show that hagB and hagC play a role in the development of pigmentation 

in strain P. gingivalis W83, with a reduced rate of pigmentation observed in mutant strains 

in both plate and broth based experiments. In agreement with previous work carried out the
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role of hagB and hagC as haemagglutinins in this strain was highlighted, with strain 

ECM233 having the poorest ability to bind red blood cells. This finding indicates that 

HagB and HagC are co-expressed under the conditions examined and play an additive role 

in the process of haem acquisition. This finding indicates that the gene duplication event 

that resulted in the creation of the hagB/hagC locus conferred P. gingivalis with enhanced 

capacity to acquire haem and is likely to have been an important evolutionary 

development, paralleling the expansion of the gingipain family.
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Chapter five: Analysis of the role of hagB and hagC 

of Porphyromonas gingivalis in adhesion and

biofllm formation.
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5.1 Introduction

The ability of some pathogenic bacteria to adhere to and invade host cells is vital for their 

survival. These processes allow bacteria to acquire nutrients, to shield themselves from 

immune surveillance systems, expand their own life-span and facilitate replication.

P. gingivalis is capable of adherence to and invasion of a variety of cell types including 

gingival epithelial cells (GECs) (Lamont et al., 1995). One of the major mediators of the 

adherence process is the fimbriae, of which there are a number of sub-types. Variance of 

fimbrial sub-types between strains has been shown to effect the ability of the bacteria to 

adhere to and invade host cells and some fimbrial sub-types promote invasion more than 

others (Enersen et al., 2013). Studies have shown that strains which posses type II fimbriae 

are most commonly isolated from severe forms of disease and that type II fimbriae are 

associated with a more invasive phenotype (Gao et al., 2012). In GECs it has been 

demonstrated than binding of the major fimbriae to the pi integrin receptor activates cell 

signalling pathways which lead to remodelling of the actin cytoskeleton, allowing the 

bacteria to enter into the cell (Yilmaz et al., 2002, Yilmaz et al., 2003).

Studies have shown that P. gingivalis is commonly associated with gingival crevicular 

epithelial cells in patients with chronic periodontitis. In one study it comprised 42% of the 

bacteria detected either attached to or inside cells recovered from patients with chronic 

periodontitis (Colombo et al., 2006). This is interesting to note, as the most common form 

of treatment is root scaling, which removes the bacterial biofilm from around the tooth 

surface. However if bacteria are present inside host cells, this treatment may be inefficient 

at eliminating infection by certain invasive bacteria and may lead to a reoccurrence of 

infection.

Once inside the cell P. gingivalis can replicate and it is capable of extending the host

cellular life-span by secreting an ATP-hydrolysing enzyme, preventing ATP-induced
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apoptosis (Yilmaz, 2008). This mechanism allows it to maximise its own survival (Gouin 

et al., 2005) (Yilmaz et al., 2006). Another bacterial protein of vital importance to cellular 

invasion is SerB which plays a role in cytoskeleton remodelling of GECs to facilitate the 

invasion process (Tribble et al., 2006).

It is worth noting that the ability to adhere to and invade cells varies depending on the 

strain of P. gingivalis. In the current study we examine the role of hagB and hagC in strain 

W83. Strain W83 is classed as a virulent strain of P. gingivalis but its ability to adhere to 

and invade cells is relatively poor compared to other strains. The main reason for this is 

that strain W83 lacks fully functional fimbriae, which are a major adhesin for this 

bacterium (Nishikawa and Duncan, 2010). However, due to this phenotype, W83 is a 

useful background to study non-fimbrial adhesins such as HagB and HagC in host cell 

interactions.

The role that HagB and HagC play in adherence and invasion of oral cell lines has yet to be 

fully established. Studies have shown that heterologously expressed HagB plays a role in 

adherence and invasion of human coronary artery endothelial cells, highlighting the fact 

that it has adhesive properties (Song et al., 2005). HagB and HagC are known 

haemagglutinins meaning that they can adhere to red blood cells, it has been previously 

shown that many haemagglutinins can act as adhesins for mucosal surfaces in many 

bacterial species including Bordtella pertusis (Villarino Romero et al., 2014). In the 

current study we analyse adherence to H357 cells, a human oral squamous cell carcinoma 

derived from the tongue of a 74 yr old male patient. These cells have been used in previous 

studies to examine the ability of P. gingivalis to adhere to and invade host cells 

(Suwannakul et al., 2010).

The ability of P. gingivalis to co-aggregate with a number of other bacterial species 

contributes to the formation of the dental biofilm commonly referred to as plaque. Plaque
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consists of a number of bacterial species which bind to each other in succession. The 

ability of P. gingivalis to bind with a number of bacterial species, including Fusobacterium 

nucleatum, S. oralis and S. gordonii, enables the organism to associate with plaque 

biofilms (Kuboniwa and Lamont, 2010). Within the oral biofilm itself there are a number 

of different species, many of which act in synergy with one another, while others will have 

an antagonistic relationship (Jenkinson, 2011). It has been found that the addition of P. 

gingivalis to the subgingival biofilm increases the virulence of dental plaque. The 

inoculation of P. gingivalis into the oral cavities of rats was shown to induce increased 

levels of alveolar bone resorption; an effect was not seen in uninfected rodents (Kesavalu 

et ah, 2007).

In the current study we sought to establish the role that hagB and hagC play in adhesion 

and invasion of the oral squamous H357 cell line. This was carried out because although 

HagB has been shown to bind to HCAE cells, the exact of role HagB or HagC in 

interacting with oral cells has not been established. We also examined the role that hagB 

plays in strain ATCC33277, which has markedly better adherence and invasion capabilities 

compared to strain W83 due to the presenee of fully formed and functional fimbriae 

(Tribble et ah, 2013).

The role of hagB and hagC in co-aggregation and the effect that removal of these genes 

had on the formation of mono and multi-species biofilms was also investigated. Due to the 

results that were obtained from our phenotypic and cell based assays it was also decided to 

use qPCR to determine if in the absence of hagB and hagC compensatory mechanisms 

were activated to replace the function of these genes.
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5.2 Materials and Methods

5.2.1 Adherence assay

A 24 well plate (Cellstar, Greiner Bio-one GmBH, Bad Haller Str. 32, 4550 

Kremsmiinster, Austria) was seeded with 5x10 H357 cells/well and incubated for 48 hr 

in 5% CO2 at 37°C by which time they had reached 1 x 10^ cells per well (~80% 

confluency). The media used was antibiotic free Dulbecco’s MEM supplemented with 1/3 

Hams-F12 (Sigma-Aldrich), 10 ng/ml Epidermal Growth Factor (Sigma-Aldrich), 0.5 

fig/ml Hydrocortisone, 10 ng/ml Cholera toxin (Sigma-Aldrich), 5 pg/ml Insulin (Sigma- 

Aldrich) and 10 % foetal calf serum.

Bacteria were grown in sTSB for 24 hr under anaerobic conditions. The optical density 

(OD) of the broths was adjusted to ODeoo of 0.7. In order to generate a suspension of 1 x
n

10 bacteria the cultures were diluted using a 1 ;50 dilution.

Approximately 1 x lO’ bacteria were added to each well of a 24 well plate (Cellstar, 

Greiner Bio-one) giving a multiplicity of infection (M.O.I) of 100. Each bacterial strain 

was evaluated in triplicate. The plate was spun at 800 x g (Sorvall Legend-T centrifuge) for 

5 min. The infected cells were incubated for 90 min in 5% CO2 at 37°C as per the methods 

of Song et al. (2005). The cells were washed with sterile PBS three times before being 

lysed in 1 ml sterile water for 20 min. The lysates, which consisted of cells and adherent 

bacteria were serially diluted tenfold and plated onto Columbia blood agar (CBA) (Cruinn 

Diagnostics Ltd., 5b/6b Hume Centre, Park West Industrial estate, Nangor Road, Dublin 

12, Ireland). Plates were incubated anaerobically at 37°C for seven days before counting. 

The percentage of adherence was calculated based on the percentage of bacteria recovered 

post-H357 cell lysis compared to the original inoculum.

For strain W83 and its derivatives, this assay was carried out with bacteria grown in sTSB 

and bacteria grown in haemin free sTSB.
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5.2.2 Invasion assay

Cells and bacteria were seeded and grown in an identical fashion to that described for the 

adherence assay protocol. To each well of a 24 well plate (Cellstar, Greiner Bio-one) 

approximately 1x10^ bacteria were added, giving an M.O.I of 100. This was carried out in 

triplicate for each strain. The plate was spun at 800 x g (Sorvall Legend-T centrifuge) for 5 

min. Infected cells were incubated for either 90 min as per Suwannakul et al. (2010) or 24 

hr in 5% CO2 at 37°C. Cells were then washed with sterile PBS three times before being 

incubated in cell media containing 200 pg/ml metronidazole to kill any extracellular 

bacteria. Epithelial cells were lysed in sterile water for 20 min. The lysates which consisted 

of cells and bacteria which had successfully invaded the H357 cells were serially diluted 

ten-fold and plated onto CBA (Cruirm Diagnostics Ltd.). Plates were incubated 

anaerobically at 37°C for seven days before counting. The level of invasion was calculated 

as a percentage based on the number of bacteria recovered post-H357 cell lysis compared 

to the original inoculum.

5.2.3 P. gingivalis mono-species biofllm studies

Biofllm formation was assessed by Ms. Emma Millhouse at Glasgow Dental Hospital 

(GDH). P. gingivalis W83 and its derivatives were grown on plates under anaerobic 

conditions and cultured in Schaedler’s anaerobic broth for 48 hr before washing and 

standardizing to 1x10* bacteria/ml. Bacteria were diluted to 1x10^ bacteria/ml in artificial 

saliva (AS) consisting of porcine stomach mucins (0.25% w/v), sodium chloride (0.35% 

w/v), potassium chloride (0.02% w/v), calcium chloride dehydrate (0.02% w/v), yeast 

extract (0.2% w/v), lab lemco powder (0.1% w/v) and protease peptone (0.5% w/v) in 

sterile H2O. Urea was diluted in phosphate buffered saline (40% w/v) and added to the AS 

to a final concentration of 0.05% (v/v).
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A 1 ml volume of standardized bacterial culture was added to the well of a 24 well plate 

(Coming, NY, USA) to measure biofilm formation over three days (Sherry et ah, 2013). At 

each time point biofilm growth was measured either by crystal violet staining or staining 

with carboxyfluorescein succinimidyl ester (CFSE) and fluorescent intensity measured.

5.2.4 Multi-species biofilm studies using a sub-gingival plaque model

Multi-species biofilms consisted of S. mitis strain ATCC12261, F. nucleatum strain 

ATCC10953, A. actinomycetemcomitans strain ATCC43718 and P. gingivalis (both WT 

W83 and hag mutants). All bacterial species were standardised to 1 x lO’ c.f.u/ml is AS. 

Biofilms were prepared in 24 well plates (Coming) containing customised Themonox™ 

coverslips (13 mm, Fischer Scientific). A standardised solution of each bacterial species in 

500 pi of AS was prepared and added to the biofilm over time. Streptococcus mitis was 

added first and grown for 24 hr. The old media was removed and a standardised solution of 

Fusobacterium nucleatum was added. The plate was then incubated anaerobically for 24 

hr. The supernatant was removed and standardised solutions of A. actinomycetemcomitans 

and a P. gingivalis strain were added. The plates were then incubated anaerobically, at 

37°C for a further four days.

Mature biofilm biomass was measured using crystal violet. Composition of the biofilms 

was assessed using real time PCR as has been described previously (Millhouse et ah, 2014, 

Sherry et ah, 2013).

5.2.5 Analysis of gingipain and hagA expression in mutant strains

RNA was isolated and processed as outlined in section 2.5.1. This RNA was converted to 

cDNA as per section 2.5.2. Expression of the gingipains was assessed using qPCR based 

methods as outlined in section 2.3.2. The primers used were 16S rRNA F and R, HagA F 

and R, Kgp F and R, RgpA F and R and RgpB F and R, details of which can be found in
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table 2.3. The 16S rRNA gene acted as the housekeeping gene and control for the 

experiments, all of which were carried out in triplicate.

5.2.6 Statistical analysis:

Differences between WT and mutant strains were determined by analysis of variance 

(ANOVA) or by t-test based methods. When ANOVA was carried out Dunnett’s Multiple 

Comparison was also performed. For all data p-values of < 0.05 were considered 

statistically significant.

When t-test methods were carried out an unpaired, two-tailed t-test with a 95% confidence 

interval was used. This method was used to examine statistical differences between two 

specific strains where the data indicated that a statistically significant difference was 

present. For all data p-values of < 0.05 were considered statistically significant.

All statistical analysis was carried out using Graphpad Prism 5 software (Graphpad 

Software Inc., 7825 Fay Avenue, Suite 230, La Jolla, CA 92037, USA).
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5.3 Results

5.3.1 Adhesion of WT and mutant strains cultured under haemin rich conditions

On average, approximately 1% the initial inoculum of WT W83 bacteria exhibited stable 

adherence to the H357 epithelial cells following 90 min incubation (Fig 5.1). Other studies 

of P. gingivalis strain W83 have indicated similar adherence rates. For example, 

Wantanabe et al. (1992) showed that adherence of W83 to human gingival fibroblasts was 

~ 1.4%, which is in keeping with our study (Watanabe et al., 1992). It was found that 

mutation of either hagB or hagC affected the ability of P. gingivalis W83 to adhere to 

H357 cells (Fig 5.1). Strains ECMIOO and ECM200, which are single mutants of hagB and 

hagC showed a statistically significant reduced capacity to adhere compared to the WT 

strain, exhibiting levels of adherence of approximately 0.35% and 0.4% of the initial 

inoculum, respectively.

Paradoxically strain ECM233, with a mutation in both hagB and hagC, exhibited levels of 

adherence that were greater than either of the single hagB or hagC mutants and were not 

statistically significantly different to WT (Fig 5.1). The average level of adherence of 

ECM233 was found to be 0.71%. Interestingly, when hagB was restored to strain ECM233 

to generate strain GMClOO, this resulted in a hyper adherent phenotype when compared to 

the WT strain. The average level of adherence in GMClOO was 2.3% compared to 1% in 

wild-type cells (Fig 5.1). ANOVA showed that there were statistically significant 

differences between the groups (p-value < 0.0001). When Dunnet’s multiple comparsion 

was carried out using WT as a control it highlighted that there were statistically significant 

differences between WT versus ECMIOO, ECM200 and GMClOO (p-value < 0.05).

(a)
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(b)

Dunnett's Multiple Comparison Test q Significant? P < 0.05?

WT vs. ECMIOO 4.430 Yes

WT vs. ECM200 4.102 Yes

WT vs. ECM233 1.828 No

WT vs. GMC100 9.540 Yes

Figure 5.1: a) Levels of adherence of P. gingivalis WT W83 and mutant derivative strains 

to H357 cells after 90 min infection following growth in haemin rich media. The level of 

interaction is expressed as a percentage of the initial inoculum. ANOVA was performed 

and statistically significant differences were found to be present between the strains, 

indicated by stars (p-value < 0.0001). b) The results of Dunnett’s Multiple Comparison, a 

post ANOVA test which determines statistically significant differences between the strains 

compared to the WT strain. In this case there were statistically significant difference 

between WT and all other strains with the exception of ECM233. ** indicates p-values 

between (0.001 - 0.01) (ECMIOO = AhagB, ECM200 = AhagC, ECM233 = AhagB/hagC, 

CMC 100 = AhagC, hagB::cat)
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Due to the unexpected results from the adherence assays involving strain ECM233, it was 

decided to evaluate adhesion in a second independent hagB/hagC double mutant (DK03). 

Additional rounds of assays were carried out comparing strain ECM233 to a second mutant 

clone (DK03) and WT W83. It was found that strain DK03 exhibited a similar phenotype 

to ECM233 and exhibited adherence levels that were not statistically different from wild- 

type. WT levels of adherence were approximately 1.1%, strain ECM233 was 

approximately 0.83% and DK03 was 0.80% (Fig 5.2).

5.3.4 Examining the role that hagB plays in adherence in strain ATCC33277

In order to determine if HagB played any role in the adherence of fimbriated strains of P. 

gingivalis, we generated a hagB mutant in strain ATCC33277 and compared its relative 

contribution to adherence in comparison to fimA. It was found that mutation of hagB 

significantly affected the ability of ATCC33277 cells to adhere to H357 cells. This 

mutation resulted in an approximately 10-fold reduction in adherence of ATCC33277 from 

~ 10% of the inoculum to approximately ~ 1% in the hagB mutant. A fimA mutant of 

ATCC33277 was shown to exhibit a severe defect in its ability to adhere to H357 cells 

reducing adherence to ~ 0.15% of the inoculum (Fig 5.3).

Analysis of variance showed highly statistically significant differences between the strains 

(p-value 0.0008). Dunnet’s multiple comparsion highlighted the differences between the 

WT and mutant strains further by comparing both to WT as a control (p-value < 0.05).

5.3.3 The effect of haemin starvation on adhesion of WT and mutant strains

It is well established that P. gingivalis regulates the expression of a number of key 

adhesion molecules in response to haemin levels including fimbrial components and 

haemagglutinins (Lamont and Jenkinson, 1998, Lamont and Jenkinson, 2000, Xie et al., 

1997).
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Here we sought to study the effect that haemin starvation would have on our mutant 

strains. After growth in haemin starved conditions it was found that the ability of all strains 

to adhere to H357 cells was substantially reduced. There were no statistically significant 

differences between the any of the strains (Fig 5.4).
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(a)

^.5-l

Strain

(b)

Dunnett’s Multiple Comparison Test q Significant? P < 0.05?

WT vs. ECM233 1.542 No

WT vs. DKO 3 1.662 No

Figure 5.2: a) Levels of adherence of P. gingivalis WT W83, ECM233 and DK03 to 

H357 cells after 90 min infection after growth in haemin rich media. The level of 

interaction is expressed as a percentage of the initial inoculum, b) The results of Dunnett’s 

Multiple Comparison. There were no statistically significant differences found between 

WT strain and the mutant strains under these conditions. (ECM233 = AhagB/C, DK03 = 

AhagB/C).
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(b)

Dunnett’s Multiple Comparison Test q Significant? P < 0.05?

WT ATCC vs. AhagB (ATCC) 6.198 Yes

WT ATCC vs. AFimA (ATCC) 6.894 Yes

Figure 5.3: a) Levels of adherence of the indicated P. gingivalis strain ATCC33277 

derived strains to H357 cells after 90 min infection after growth in haemin rich media. The 

level of adherence is expressed as a percentage of the initial inoculum. ANOVA revealed 

statistically significant differences between the strains, indicated by stars (p-value 0.008). 

b) The results of Dunnett’s Multiple Comparison. There were statistically significant 

differences found between WT strain and the mutant strains under these conditions (p- 

value < 0.05).
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(a)

(b)

Dunnett’s Multiple Comparison Test q Significant? P < 0.05?

WT vs. ECM 100 0.3940 No

WT vs. ECM200 1.741 No

WT vs. ECM233 2.278 No

WTvs. GMC100 1.361 No

Figure 5.4: a) Levels of adherence P. gingivalis WT W83 and mutant derivative strains to 

H357 cells after 90 min infection following growth in haemin free media. The level of 

interaction is expressed as a percentage of the initial inoculum, b) The results of Dunnett’s 

Multiple Comparison. There were no statistically significant differences found between 

WT strain and the mutant strains under these conditions. (ECM100 = AhagB, ECM200 = 

AhagC, ECM233 = AhagB/hagC, CMC 100 = AhagC, hagB::cat).
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5.3.5 P. gingivalis invasion is effected by the removal of hagB and hagC

The ability of P. gingivalis to invade H357 cells was assessed after a 90 min and 24 hr 

incubation period. After infection for 90 min, a relatively low number of bacteria had 

invaded the cells. Approximately 0.1% of WT W83 bacteria had successfully invaded the 

cells. Strain ECMIOO and ECM200 exhibited reduced levels of invasion, with invasion 

levels of 0.045% and 0.052% respectively. Strain ECM223 levels of invasion were, on 

average 0.095% of input cells which was not statistically significantly different from WT 

levels. Strain GMClOO, which has hagB restored to it, had levels of invasion of 0.0155% 

which was substantially lower than that of WT and strain ECM200 (Fig 5.5). This finding 

was unexpected, given that the strain was found to be hyper-adherent.

The data was then normalised against the 90 min adherence assay to determine if the 

altered invasion levels were a direct consequence of altered adhesion. It was found that on 

normalisation GMClOO was still hypo-invasive compared to other strains (Fig 5.6). 

ANOVA was carried out and there was found to be a statistically significant difference 

between strain GMClOO and all other strains (p-value 0.0122). Further analysis by 

Dunnet’s multiple comparsion established that there was a statistically significant 

difference between WT and strain GMClOO (p-value < 0.05).

Following 24 hr incubation, substantially more bacteria had successfully invaded the H357 

cells, with greater than ten-fold higher levels of invasion seen when compared to the 90 

min assay. A similar pattern of phenotypes to that seen in the 90 min assay was observed 

following 24 hr incubation. Strains ECMIOO, ECM200 and GMClOO showed reduced 

levels of invasion, with average levels of 0.8%, 0.93% and 0.35% respectively, when 

compared to WT, whose level of invasion was 1.45% of inoculated bacteria (Fig 5.7).
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(b)

Dunnett's Multiple Comparison Test q Significant? P < 0.05?

WT vs. ECMIOO 2.004 No

WT vs. ECM200 1.708 No

WT vs. ECM233 0.09899 No

WT vs. GMC100 3.075 Yes

Figure 5.5: a) Levels of P. gingivalis WT W83 and mutant derivative strains within H357 

cells after 90 minutes infection and subsequent kill step. Experiment was carried out after 

growth of bacteria in haemin rich sTSB media. The level of invasion is expressed as a 

percentage of the initial inoculum. Statistical significance is indicated by a star, b) The 

results of Dunnett’s Multiple Comparison. In this case there were no statistically 

significant differences between WT and mutant strains with the exception of GMCIOO. 

(ECMIOO = ^hagB, ECM200 = ^hagC, ECM233 = AhagB/hagC, GMCIOO = AhagC, 

hagB::cat).
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Dunnett's Multiple Comparison Test q Significant? P < 0.05?

WTvs. ECMIOO 0.7522 No

WT vs. ECM200 0.7854 No

WT vs. ECM233 1.029 No

WT vs. GMC100 3.063 Yes

Figure 5.6: a) Normalisation of levels of invasion of P. gingivalis WT W83 and mutant 

derivative strains (invasion/adherence) based on 90 min assay results. The levels of 

invasion is expressed as a percentage of the bacteria that have adhered after 90 min. 

ANOVA indicated a statistically significant difference between strains, indicated by a star 

(p-value 0.0122). b) The results of Dunnett’s Multiple Comparison. In this case there were 

no statistically significant differences between WT and mutant strains with the exception 

of CMC 100. (ECMIOO = AhagB, ECM200 = AhagC, ECM233 = AhagB/hagC, GMClOO 

= AhagC, hagBr.cat)
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(b)

Dunnett's Multiple Comparison Test q Significant? P < 0.05?

WTvs. ECMIOO 4.131 Yes

WT vs. ECM200 3.305 No

WT vs. ECM233 2.351 No

WT vs. GMC100 6.991 Yes

Figure 5.7: a) Levels of invasion of P. gingivalis WT W83 and mutant derivative strains 

within H357 cells after 24 hr infection and subsequent kill step. Experiment carried out 

after growth in haemin rich media. The level of invasion is expressed as a percentage of 

the initial inoculum. ANOVA indicated a statistically significant different between the 

strains indicated with stars (p-value 0.0074). b) The results of Dunnett’s Multiple 

Comparison post ANOVA. In this case there were statistically significant differences 

between WT, strain ECMIOO and WT and CMC 100. (ECMIOO = ^hagB, ECM200 = 

AhagC, ECM233 = AhagB/hagC, GMClOO = AhagC, hagB::cat)
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The results of ANOVA testing showed that there were statistically significant differences 

between the strains (p-value 0.0074). When Dunnet’s Multiple comparsion was carried out 

which compares the mutant strains to a specific control column, in this case the WT strain, 

it was found that the differences between WT and ECMIOO and WT and GMClOO were 

statistically significant Strain ECM233, whose level of invasion was 1% was similar to that 

ofWT (Fig 5.7).

5.3.6 Ability of mutant strains to form mono-species biofilms in comparsion to WT W83.

The ability of P. gingivalis W83 and mutant derivatives to form a single species biofilm on 

plastic siu'faces in AS was analysed over the course of three days using both crystal violet 

staining and CFSE staining (Fig 5.8). It was found that on day 3 that there were significant 

differences between the strains analysed. When crystal violet was used to measure biomass 

it was found that strains ECM200 and ECM233 formed significantly lower levels of 

biofilm compared to WT W83 (p-values < 0.001). Using CFSE fluorescence to measure 

biomass it was also found that there was a statistically significant reduction in biofilm 

formation in ECM200 (p-value < 0.05) and ECM233 (p-value < 0.01) compared to WT 

W83 (Fig 5.8). All data are the mean ± SEM of six independent biofilms per group. 

Fluorescent microscopic analysis of CFSE stained biofilms confirmed the reduced levels of 

biofilm in the mutant strains relative to WT W83 (Fig 5.9)

5.3.7 Analysis of the ability of mutant strains to contribute to the formation of multi-species 

biofllms compared to WT W83

Multi species biofilms were grown following the protocol developed at GDH containing S. 

mitis, F. nucleatum, A. actinomycetemcomitans and P. gingivalis (both WT and hag 

mutants). Mature biofilm biomass was measured using crystal violet.
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Figure 5.8: Biofilm growth of P. gingivalis WT W83 and mutant derivative strains was 

measured either by crystal violet staining (a) or staining with CFSE and fluorescent 

intensity measurements over 3 days (b). Significant differences on day 3 were observed 

when comparing ECM200 and ECM233 biofilm formation to the WT control. (ECMIOO = 

AhagB, ECM200 = AhagC, ECM233 = AhagB/hagQ
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WT ECMIOO

ECM200 ECM233

Figure 5.9: Mono-species biofilm growth of P. gingivalis WT W83 and mutant derivative 

strains revealed by staining with CFSE on day 3 of biofilm growth. Differences in 

fluorescent intensity are visible between WT compared to strain ECM200 and ECM233. 

(ECMIOO = AhagB, ECM200 = /^hagC, ECM233 = AhagB/hagC)
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Significant differences were observed between the biomass of biofilms containing P. 

gingivalis WT and those containing P. gingivalis hagC mutant (p<0.001; Fig 5.10). Data 

are mean ± SEM of 3 independent biofilms per group.

The abundance of each species within the biofilm was also examined by qPCR (Fig 5.11). 

It was found that there were no significant differences in the total number of each species 

present. This was also found to be the case when percentage composition of each biofilm 

was calculated.

5.3.8. Analysis of gene expression of mediators in haem acquisition in broth based cultures

In order to determine whether deletion of hagB or hagC had any effect on gene expression, 

we analysed the expression of a number of genes {hagA, rgpA, rgpB and kgp) involved in 

haem uptake and adherence following growth in sTSB to OD6oo 0.7. Under these 

conditions it was found that expression of these genes was considerably lower compared to 

the expression levels detected following growth on blood agar plates (5.3.9). It was found 

that there was no statistically significant difference between WT W83 and the mutant 

strains when expression of rgpB was examined (Fig 5.12). Student t-tests were performed 

to compare WT to mutant strains individually, statistically significant differences between 

WT W83 and strain ECM200 (p-value 0.0022), WT vs. ECM233 (p-value 0.0185) and Wt 

vs. GMClOO (p-value 0.031). These strains all showed a statistically significant increase in 

expression of kgp compared to WT. Expression levels of hagA were found to be higher on 

average in strains ECMIOO and ECM200 compared to WT W83. ECM200 had a 

substantial increase in hagA expression compared to WT and a student t-test could confirm 

the statistical significance of this difference (p-value of 0.0113) (Fig 5.13).
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The expression of rgpA was also examined (Fig 5.14). It was found that there was as 

statistically significant increase in expression in ECM200, ECM233 and GMClOO in 

comparison to WT. An unpaired, two-sided student’s t-test was used to asses these 

differences. WT vs. ECM200 had a p-value of 0.0174, WT vs. ECM233 had a p-value of 

(0.009) and WT vs. GMClOO had a p-value of (0.0194).
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Figure 5.10: Mature biofilm biomass of multi-species biofilms was measured using crystal 

violet staining. Significant differences were observed between the biomass of biofilms 

containing P. gingivalis WT and those containing strain ECM200. Data are mean ± SEM 

of 3 independent biofilms per group. *** p<0.001, (ECMIOO = A.hagB, ECM200 = AhagC, 

ECM233 = AhagB/hagC).
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Figure 5.11: a) The amount of each species within the biofilm was quantified using qPCR. 

There were no significant differences in the total number of each species present within the 

biofilms, b) Percentage composition of each biofilm by species. There were no significant 

differences in the proportions of each species present within the biofllms. (ECMIOO = 

AhagB, ECM200 = AhagC, ECM233 = AhagB/hagC).
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Figure 5.12: Expression level is based on ACt values as calculated in section 2.3.2 a) 

Expression levels of rgpB after growth in sTSB to an OD6ooof 0.7 and b) Expression levels 

of kgp after growth in sTSB to an OD600 of 0.7. Student t-testing was performed to 

compare WT to mutant strains individually. Statistically significant differences were found 

found between WT vs. ECM200 (p-value 0.0022), WT vs. ECM233 (p-value 0.0185) and 

WT vs. GMClOO (p-value 0.031). * indicates a p-value between 0.01 and 0.05, ** 

indicates a value between 0.001 and 0.01. (ECMIOO = AhagB, ECM200 = AhagC, 

ECM233 = AhagB/hagC, GMCl 00 = AhagC, hagB::cat)
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Figure 5.13: Expression levels of hagA in WT W83 and mutant strains grown to an OD600 

of 0.7 in sTSB. Expression level is based on ACt values as calculated in section 2.3.2. A 

two-sided student’s t-test was carried out to analyse the difference between WT and strain 

ECM200. There is statistically significant difference between WT and strain ECM200 (p- 

value 0.0113). * indicates a p-value between 0.01 and 0.05. (ECMIOO = AhagB, ECM200 

= AhagC, ECM233 = AhagB/hagC, GMClOO = AhagC, hagB::cat).
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Figure 5.14: Expression levels of rgpA in P .gingivalis strains grown to an ODeoo of 0.7 in 

sTSB. Expression level is based on ACt values as calculated in section 2.3.2. A two-sided 

student’s t-test was carried out to analyse the difference between WT and mutant strains. 

Statistically significant differences were found between WT vs. ECM200 (p-value 0.0174), 

WT vs. ECM233 (p-value 0.0009), WT vs. GMClOO (p-value 0.0194) * indicates a p- 

value between 0.01 and 0.05, *** indicates a value between 0.0001 and 0.001. (ECMIOO = 

AhagB, ECM200 = AhagC, ECM233 = AhagB/hagC, GMClOO = AhagC, hagB::cat).
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5.3.9. Analysis of gene expression of mediators of haem acquisition in blood agar grown cells

RNA was extracted from bacterial lawns that had been grown on sTSA blood agar plates 

and converted to cDNA. Genetic expression was then investigated by qPCR. In general, 

expression levels of the selected genes were much higher relative to sTSB grown cells.

In the case of rgpA and rgpB it was found that the double mutant ECM233 and the 

complemented strain exhibited on average higher levels of gene expression compared to 

WT W83 (Fig 5.15). However, due to the level of variance in the data this increase was not 

statistically significant. Interestingly, there was far less variance in the gene expression 

data generated from WT W83 and the two single mutants ECMIOO and ECM200 (Fig 

5.15).

When kgp expression levels were assessed, it was found that WT W83, ECMIOO and 

ECM200 exhibited similar levels of expression. ECM200 exhibited higher levels of 

expression but these were not found to be statistically significant. However, GMClOO 

exhibited greatly reduced expression relative to WT W83 (p-value 0.0422) (Fig 5.16).

Expression of hagA was reduced in the mutant derivatives relative to WT W83 and this 

was most significant in GMClOO when compared to its parental strain ECM233 (p-value 

0.0003) (Fig 5.17).
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Figure 5.15: Expression of rgpA and rgpB in P. gingivalis strains were examined after 

growth on sTSA. Expression level is based on ACt values as calculated in section 2.3.2 a) 

rgpA expression levels. There was no statistically significant difference between the 

strains, b) rgpB expression levels. There was no statistically significant difference between 

the strains. (ECMIOO = AhagB, ECM200 = AhagC, ECM233 = AhagB/hagC, GMClOO = 

AhagC, hagB::cai).
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Figure 5.16: Expression levels of kgp in P .gingivalis were assessed after growth on sTSA. 

Expression level is based on ACt values as calculated in section 2.3.2.On analysis using an 

unpaired students t-test it was found that there was a statistically significant difference 

between strain ECMIOO and GMClOO (p-value of 0.0422). * indicates a significant p- 

value between 0.01 and 0.05. (ECMIOO = AhagB, ECM200 = AhagC, ECM233 = 

AhagB/hagC, GMClOO = AhagC, hagB::cat).
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Figure 5.17: Expression levels of hagA in P. gingivalis were assessed after growth on 

sTSA. Expression level is based on ACt values as calculated in section 2.3.2. On analysis 

using an unpaired students t-test it was found that there was a statistically significant 

difference between strain ECM233 and GMClOO (p-value of 0.0003). *** indicates a 

value between 0.0001 and 0.001 (ECMIOO = ^hagB, ECM200 = l^hagC, ECM233 = 

d^hagB/hagC, GMClOO = AhagC, hagB::cat).

160



5.4 Discussion

The ability of P. gingivalis to adhere to and invade host cells is vital for the virulence of 

this pathogen. Adherence and invasion allows P. gingivalis to alter host responses from 

within cells, as well as shielding itself from host immune responses, all of which 

contributes to the development of dysbiosis within the microbial community 

(Hajishengallis and Lamont, 2012, Yilmaz, 2008).

Prior to the current study, how HagB and HagC contribute to adherence and invasion of 

oral cell lines, such as the H357 cells used in this study, was unexamined. Song et al. 

(2005) have shown that HagB does possess adhesive properties, and that heterologously 

expressed HagB plays an important role in adherence to HCAE.

One of the aims of this branch of study was to establish through use of our mutant strains, 

whether hagB and hagC play a role in adherence or invasion of an oral cell line and how 

the absence of one or both of these genes would affect the processes involved. The effect 

of growing the strains in haemin free media prior to cellular infection was also examined in 

strain W83.

The methods used in this study are growth-dependent based methods which give a strong 

indication of trends present in adherence and invasion. Alternative growth-independent 

methods could be used to carry out a more detailed analysis of these trends. These methods 

include combining the use of fluorescent dyes with flow cytometry to analysis the 

dynamics of the adherence and invasions processes in more detail.

In P. gingivalis flow cytometric methods have been used to elaborate on the differences in 

cell binding between strains. It has been shown that strain W50 binds to cells as either 

discrete cells or very small aggregates, whereas strain ATCC33277 bound only as large 

aggregates to cells (Pathirana et al., 2007).

161



Similar methods were also used to elaborate on the mechanisms of intercellular spreading 

used by P. gingivalis in gingival epithelial cells (Yilmaz et al., 2006).

Our overall findings highlight that hagB and hagC do potentially play a role in adherence 

to H357 cells. It also highlights that these genes and others involved in adherence are 

regulated by the presence of haemin and require haemin for expression, as highlighted by 

the results of the haemin starved adherence assay. In the absence of haemin it was found 

that overall adherence levels in all strains dropped substantially (Fig 5.4). This is not 

altogether surprising as it has been shown that a substantial number of P. gingivalis genes 

including those involved in adherence and invasion are differentially regulated in response 

to haemin levels (Dashper et al., 2009), micro-array studies have also demonstrated this 

(Kiyama-Kishikawa et al., 2005).

Strain W83 is a non-fimbriated strain and as such its ability to adhere to cells is reliant on 

non-fimbrial adhesins such as the gingipains, which have been shown to be downregulated 

in the absence of haemin (Kesavalu et al., 2003).

Under normal haemin conditions removal of either hagB or hagC affected the ability of P. 

gingivalis to adhere to cells. Statistically significant differences were found between WT, 

strain ECMIOO and ECM200 after a 90 min adherence assay was carried out (Fig 5.1). 

These differences were also apparent for both the 90 min and 24 hr invasion assay, through 

they were not statistically significant in all cases (Fig 5.5 & 5.7). These results highlight 

the importance of these proteins in adherence.

The effect that mutation of hagB had on the ability of strain ATCC33277 to adhere to cells

was also examined. The hagB mutant strain was compared to a fimA mutant as well as to

the WT parental strain (Fig 5.3). FimA acts as a major adhesion for P. gingivalis and is a

known adhesin for strain ATCC33277. Previous studies have shown that deletion of fimA

from this strain greatly affected the ability of this bacterium to adhere to an epithelial cell
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line (Njoroge et al., 1997). In the current study, removal of hagB from the ATCC33277 

genome was found to have a substantial affect on the ability of the organism to adhere to 

H357 cells. Rates of adherence showed a 10-fold decrease in the absence of hagB, 

highlighting that hagB plays an important role in this process in this strain, a fact that was 

previously unknown. Our results for the fimA mutant confirm previous data that fimA 

encodes a major adhesin in this strain, with adherence the rate dropping to ~0.16% of the 

inoculum compared to 10% in the WT strain. These data suggest that adhesion to the H357 

cell line is a multi-factorial process involving fimbrial and non-fimbrial adhesins. Although 

the data indicate that FimA plays an essential role in mediating adherence, it also indicates 

that HagB is required to stabilise this interaction. Adherence may be a two stage process 

where fimbriae are required for initial long-range interactions and non-fimbrial adhesins 

such as HagB mediate stable, short-range interactions.

Strain ECM233, a derivative of strain W83 that has both hagB and hagC mutated in its

genome, produced some unexpected results in both the adherence and invasion assays. It

was predicted that due to the loss of both genes that an additive defect in adhesion would

be observed in this strain. Instead it was found that in all assays, the level of adherence and

invasion in strain ECM233 was comparable to that of the WT parent strain (Fig 5.1, 5.5 &

5.7). In order to exclude the possibility that a random mutation had occurred during the

generation of strain ECM233 which conferred additional adhesive capabilities, we

characterised a second independent hagB/hagC mutant and observed an identical adhesive

phenotype. The results of the adherence and invasion assays for the hagB complemented

strain GMClOO were also unexpected. This strain exhibited a hyper adherent phenotype

but was compromised in terms of its invasion capabilities. GMClOO is almost twice as

adherent as WT W83 (Fig 5.1), it was postulated that restoration of hagB to the genome of

ECM233 would generate a strain with similar adherence characteristics of strain ECM200

(AhagC). This was due to the fact the restoration of hagB to strain ECM233 restored
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pigmentation to similar levels as those observed in strain ECM200 and it was expected that 

this gene would complement other phenotypes in a similar fashion. Instead it was found 

that strain GMClOO was hyper-adherent and hypo-invasive compared to all other strains 

(Fig 5.5, 5.6 & 5.7).

As noted earlier, previous attempts to generate a double hagB/hagC mutant were

unsuccessful, suggesting that this combination of mutations is very stressful for the

bacterium. The severity of the pigmentation defect on blood agar supports this hypothesis.

Therefore, in order for this mutant to remain viable, up-regulation of additional factors

may be required to compensate for the loss of hagB and hagC. The qPCR data support this

hypothesis and this up-regulation may be result of a haem starvation response. If this is the

case, then restoration of hagB to the mutant should restore haem uptake and alleviate this

stress response. However, the data indicate that even when hagB is restored to the genome

of strain ECM233 in GMClOO, that the putative compensatory mechanisms activated this

strain have remained active, as adhesion does not return to the levels observed in the single

mutants. Restoration of hagB appears to have an additive effect on adhesion where the

combination of hagB and other up-regulated genes make the strain hyper adherent. This

finding suggests that the compensatory up-regulation of adhesion and haem acquisition

factors in strain ECM233 may be the result of a stable, heritable, epigenetic modification

rather than a transient response to haem starvation, which would be reversed by

complementation with hagB. This suggests that the double hagB/hagC deletion was

constructed in a background where these factors may have already been upregulated.

Indeed, such a background may be required for this transformation to yield viable results

as previous attempts to generate a hagB/hagC mutant in strain Pg381 have been

unsuccessful. The fact that our attempts to generate a hagB/hagC double mutant in strain

W83 were very successful, yielding multiple, independent transformants similar to

ECM233, also suggests that a subpopulation of cells in the W83 population may exhibit
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this hyper-adherent phenotype and remain viable following deletion of hagB and hagC. 

Support for this hypothesis comes from the work of Suwannakul et al., (2010), who have 

shown that P. gingivalis populations are heterogenous and consist of subpopulations of 

cells that differ in the expression of genes including rgpB, hmuR and sodB. These genes 

were identified among a set of 19 genes that were differentially expressed in high- and 

low-invasive sub-populations of P. gingivalis strain W50 (Suwannakul et al., 2010). In the 

current study, it is likely that the double hagB/hagC mutation was generated in cells 

belonging to an adherent sub-population of W83, similar to that described by Suwannakul 

et al., (2010), which would have been selected during the construction of strain ECM233. 

Although this phenomenon has been characterised in strain W50 and NCTCl 1834, it is not 

know whether all strains exhibit this phenomenon or if all strains exhibit variability in the 

same subset of genes. The absence of this phenomenon in some strains of P. gingivalis 

may explain why attempts to generate hagB/hagC mutant were not successful in strains 

Pg381 (Lepine et al., 1996) and ATCC33277 (this study).

We hj^othesised that due to the selection of these hyper-adherent variants during the 

construction of strain ECM233, that the gingipains and hagA were likely to be expressed at 

higher levels to compensate for the loss of hagB and hagC. RNA was extracted from broth 

grown cells and blood agar grown cells, and expression of the selected genes was found to 

be higher in the haemoglobin rich environment of the blood agar. Under these conditions 

(Fig 5.15 & 5.16), which are those under which the mutants were selected, strain ECM233 

exhibited increased levels of rgpA, rgpB and kgp, supporting our hypothesis of 

compensatory gene expression. What is also noticeable from these data is that the level of 

expression of rgpA and rgpB, which is extremely reproducible in WT W83 and the single 

hag mutants, exhibits greater levels of variation in ECM233 and GMClOO, suggesting that 

within these strains backgrounds there may exist different sub-populations of cells that 

differ in expression of these genes.
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This increase in expression of the gingipains could account for some of the phenotypes 

seen in strains ECM233 and GMCIOO. A role for the gingipains in adherence has been 

demonstrated (Chen and Dunean, 2004). It has been postulated that these proteins act in 

concert with fimbriae to increase overall adherence by cleaving extracellular matrix 

proteins from the cell surface to reveal fimbrial binding sites (Chen et ah, 2001a, Kontani 

et al., 1997). Increased expression of rgpA combined with insertion of hagB back into the 

genome could lead to an additive affect that could account for the rapid development of 

pigmentation in haemoglobin based media as discussed previously. This additive affect 

could also account for the increased adherence levels seen in strain GMCIOO compared to 

WT. Although GMCIOO was hyper-adherent, we did not observe any increase in cellular 

invasion. However, up-regulation of adherence factors does not necessarily guarantee 

improved invasion capabilities, particularly as strain W83 is non-flmbrial and has reduced 

invasion capabilities relative to other strains. Another factor that may account for the 

reduced invasion capabilities of GMCIOO is that in comparison to ECM233, it exhibits 

greatly reduced expression levels of kgp and hagA (Fig 5.16 & 5.17). This suggests that the 

higher levels of kgp and hagA expression that are being selected and maintained by culture 

on blood agar in strain ECM233 are perhaps being lost in strain GMCIOO. This may be due 

to the fact that complementation with hagB has restored the hemagglutination functions 

that were being compensated for by increased levels of kgp and hagA. If this is the case, 

then by a process of stochastic drift of bistable populations, strain GMCIOO may be losing 

certain gene expression patterns inherited from ECM233. Stochastic drift in this case is 

referring to what can also be called genetic drift. It refers to a change in the frequency of a 

genotype occurring within the bacterial population due to random sampling of the bacterial 

population as a whole. This process can lead to selection with one genotype becoming 

more prevalent over the others.
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It is also important to note that when the adherence assay was carried out under haemin 

free conditions, GMClOO’s ability to adhere reduced significantly and was not statistically 

significantly different from the other strains, as was ECM233. This suggests that any genes 

that are up-regulated in these strains are reliant on the presence of haemin for their 

expression. In the absence of haemin the bacteria are unable to activate these remunerative 

abilities.

Alternatively the adherence and invasion phenotypes observed in this study could be due to 

indirect effects of mutagenesis. In bacterial species the effect of deleterious mutations, 

such as those introduced to hagB and hagC can be reduced by secondary site mutations 

also called compensatory mutations in other genes (Schulz zur Wiesch et al., 2010). It has 

been suggested that bacterial cells when stressed may enter into a hyper-mutable state 

where the DNA damage caused by mutagenesis can lead to error-prone repair, leading to 

secondary mutations arising at another site. Mutations that benefit the bacteria by enabling 

it to survive are kept, while neutral ones are lost due to bacterial cell death (Hall, 1988, 

Hall, 1990). This could account for some of the phenotypes observed in our mutant strains, 

as if beneficial secondary mutations arose during the mutagenesis it is possible they were 

selected out for, as compensated mutants can be enriched for through population 

bottlenecks such as in vitro serial passaging (Schulz zur Wiesch et al., 2010).

Alterations to the bacterial epigenome may also contribute. The epigenome consists of 

modifications to DNA nucleotides with small molecules such as methylation. These 

modifications can change protein-DNA binding and as such can alter the biochemical 

landscape of the DNA, directly impacting phenotype (Sanchez-Romero et al., 2015). The 

effects of altering DNA methylation patterns in bacteria have been shown to alter bacterial 

pathogenesis, as well as virulence. Strains of Salmonella enterica where the dam gene had 

been mutated were found to a massively attenuated response compared to WT strains in a
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murine model due to altered methylation patterns (Heithoff et al., 1999). In terms of oral 

pathogens, changes to methylation patterns have been seen to have a direct impact on the 

virulence of both S. mutans (Banas et al., 2011) and A. actinomycetemcomitans (Marinus 

and Casadesus, 2009). It is possible that mutation of the hagB and/ or hagC genes affects 

the bacterial genome on an epigenomics level, this could be investigated further using 

methylome analysis techniques such as single molecule real-time sequencing to assess for 

differences between WT and mutant strains.

The mutagenesis process may have also interfered with regulatory RNAs such as small 

non-coding RNAs (sRNAs). These molecules play an important role in bacterial function 

by altering the physiological response of the bacteria in response to stress. They act by 

modulating both protein synthesis (mRNA transcription etc) and the activity of specific 

proteins by binding to them (Ghaz-Jahanian et al., 2013). It is possible that by altering P. 

gingivalis genome and as such the bacterial proteome we have interfered with this nuanced 

regulatory network which could account for some of the phenotypes seen here.

Our data also supports a role for the hag genes in biofilm formation. When mono-species 

biofilm formation was examined it was found that there was a statistically significant 

difference in the ability of strains ECM200 and ECM233 to form a mono-species biofilm 

compared to the WT parent strain. It is worth noting that when CFSE staining was carried 

out strain ECM233 (AhagB/AhagC) was the most statistically significantly different in 

terms of biofilm formation when compared to WT. In addition strain ECM200 (AhagC) 

was also found to be statistically significantly different. ECM233 lacks the hagB and hagC 

genes and its poor ability to form a mono-species biofilm highlights that these genes play 

an important role in mono-species biofilm formation. The fact that strain ECM200 also 

shows a statistically significant reduction highlights that hagC may play a highly important 

role in the process.
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Another interesting result that highlights the importance of hagC in co-aggregation is the 

multi-species biofilm formation results. While there was no difference in the overall 

composition of each of the biofilms (Fig 5.11) when the biomass of each of the mature 

multi-species biofilms was assessed it was found that multi-species biofilms incorporating 

strain ECM200 (AhagQ exhibited a statistically significant reduction in biomass compared 

to the other biofilms (Fig 5.10). The fact that there is a decrease in the overall biomass 

without species composition being affected suggests that hagC may have additional roles 

in biofilm formation such as the development of the exopolysacharide matrix or quorum 

sensing. Further studies such as transcript profiling would be necessary to determine if 

hagC is required for stimulating expression of genes required for these processes.

Here we clearly show the importance of hagB and hagC in adherence to H357 cells. In the 

absence of one of the genes adherence rates are directly affected. We have also 

demonstrated a role for hagC in both mono- and multi-species biofilm formation, 

highlighting the importance of this gene as a virulence factor in its own right separately 

from hagB. This data indicates that our knowledge of hagC and not just hagB needs to be 

expanded upon as it appears that they may play separate roles in key virulence process 

such as biofilm formation. We also show that removal of these genes from the genome of 

P. gingivalis W83 is only possible in variants that express increased levels of hagA and the 

gingipains, a fact which could account for some of the aberrant phenotypes we see in our 

mutant strains and the fact that previous attempts to generate a double mutant have been 

unsuccessful. The full extent of this effect could be studied in more detail using RNAseq 

based methods as it is likely that more genes are selected by the absence of hagB and 

hagC. Overall we have highlighted the importance of these genes in virulence processes 

such as adhesion and biofilm formation.
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Chapter 6: Examining the role that hagB and hagC 

play in stimulating the immune responses of THP-1 

cells to whole cell Porphyromonas gingivalis.
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6.1 Introduction

It has been shown that P. gingivalis inhibits the innate host defence system during 

periodontitis; disrupting tissue homeostasis and facilitating further exposure of the host 

connective tissue to the microbiological agents present in plaque. This leads to the classic 

tissue destruction commonly associated with chronic periodontitis, where plaque has 

accumulated on the tooth surface, leading to the eradication of the supporting connective 

tissue and alveolar bone, resulting in tooth loss (Darveau, 2010).

Through its strategies of immune subversion P. gingivalis facilitates the conversion of a 

symbiotic relationship with the oral micro-flora to a dysbiotic one, despite the fact that it’s 

present in low numbers within dental plaque and is not a dominant species within the 

microbial biofilm (Darveau et al., 2012). P. gingivalis actively encourages dysregulation of 

the immune response, leading to a non-responsive, non-productive form of inflammation. 

It does this through the production of various virulence factors that interact with the host.

One important feature of the gingival epithelium is its ability to produce interleukin-8 (IL- 

8) which is pro-inflammatory and acts as a chemokine for neutrophils recruited to the site 

of infection, by producing this chemokine the gingival epithelium sets up a gradient for the 

recruitment of neutrophils to the gingival crevice. P. gingivalis interferes with this process 

through the production of serine phosphatase B (SerB), which inhibits the production of 

IL-8, which in turn delays the recruitment of neutrophils to the infected site and allows for 

easier colonisation of the periodontium tissues (Hasegawa et al., 2008, Takeuchi et al., 

2013).

The gingipains of P. gingivalis have complement C5 convertase like activity, which leads 

to high levels of C5a locally, which in turn activates the C5a receptor on leukocytes. C5aR 

signalling plays a role in crosstalk with toll like receptor 2 (TLR2), which is activated by

P. gingivalis surface ligands as well. This crosstalk leads to enhanced inflammation at the
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site of infection but impaired killing activity by leukocytes, aiding in the establishment of a 

non-functional and non-responsive form of inflammation.

P. gingivalis LPS is believed to be a key virulence factor for the initiation and progression 

of periodontitis, triggering some of the original inflammation and subsequent tissue 

damage. It’s a major antigenic protein that is known to stimulate immune responses. In 

order to avoid this stimulation, P. gingivalis has adapted its LPS through lipid A 

remodelling. This remodelling allows P. gingivalis to alter the structure of its lipid A from 

a Toll-like receptor 4 (TLR4) antagonist at temperatures of 37°C, to a TLR4 agonist at 

higher temperatures. It does this through the loss of monophosphorylated and 

nonphosphorylated tetra-acylated lipid A in favour of monophophorylated, penta-acylated 

lipid A as the temperature rises (Curtis et ah, 2011).

Limited investigation of the potential of HagB as an immune regulator has been carried 

out. Studies have shown that recombinant HagB (rHagB) binds to human P defensin three 

(HBD3), which is an antimicrobial peptide and attenuates the induction of InterIeukin-6 

(IL-6), Interleukin-10 (IL-10), and granulocyte macrophage colony stimulating factor 

(GMCSF) (Pingel et ah, 2008). It has also been shown that rHagB activates mouse 

peritoneal macrophages and stimulates the production of both pro and anti-inflammatory 

cytokines through activation of extracellular signal-regulated kinases (ERK), the c-jun 

terminal kinases (JNK) and p38 family of kinases (p38). Inhibition of ERK or p38 was 

found to have distinct effects on the rHagB induced cytokine production in these cells 

(Zhang et ah, 2005a).

For human myeloid dendritic cells it has been shown that rHagB is a TLR4 agonist 

(Gaddis et ah, 2009). HBD3 has been shown to alter but not inhibit the binding of HagB to 

the surface of dendritic cells (Van Hemert et ah, 2012). Immunisation with rHagB in a 

murine model has been shown to lead to the induction of a rHagB-specific CD4+ T cell
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response which can then be shaped by toll like receptor 4 (TLR4) signalling. The same 

study highlighted that MyD88 was the major adaptor molecule that shapes the T cell 

response to rHagB, Toll/IL-IR domain-containing adapter inducing IFN-P (TRIP) was also 

found to participate in the regulation of inflammatory memory cytokine production 

following ligation of TLR4 by rHagB (Gaddis et ah, 2011).

Macrophage inflammatory protein - 1 p (MlP-ip), also known as CCL4, is a small 8-10 

kDA protein produced and secreted by a number of cell types including macrophages, T- 

cells, B-cells, dendritic cells, neutrophils and mast cells. Production can be stimulated by 

pro-inflammatory agents, such as LPS, as well as by pro-inflammatory cytokines such as 

IL-1 and TNF-a and that anti-inflammatory cytokines such as IL-10 down-regulate its 

production. It is initially synthesized as a 92 amino acid pre-cursor before peptidases 

cleave the hydrophobic signal peptides to produce the mature protein (Maurer and von 

Stebut, 2004).

MIP-ip is commonly produced by activated macrophages in order to recruit further pro- 

inflammatory cells to the site of inflammation. The protein mediates its effects by binding 

cell surface chemokine receptors. This binding can then trigger a wide range of responses 

depending on cell type such as chemotaxis, degranulation, phagocytosis and mediator 

synthesis. Binding of the protein to its receptor acts on a number of cell-signalling 

pathways including the JAK/STAT pathway (Maurer and von Stebut, 2004).

In vitro studies have shown that MIP-ip is produced in response to P. gingivalis HagB 

protein. Binding of histatin 5 to immobilised rHagB was shown to alter the HagB induced 

chemokine responses. One of the chemokines affected was MIP-ip, which showed a 

12.5% decrease in production when rHagB was bound by histatin 5 (Borgwardt et ah, 

2014).
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THP-1 cells are derived from the peripheral blood of a one year old child with acute 

monoc3dic leukaemia. It is a monocyte cell line that can be differentiated into macrophage 

like cells using Phorbol 12-Myristate 13-Acetate (PMA). THP-1 cells have Fc and C3b 

receptors but lack surface and cytoplasmic immunoglobulins. They have previously been 

used to study monocyte and macrophage responses to P. gingivalis (Diya et al., 2008, Foey 

and Crean, 2013, Yee et al., 2012).

Here, we sought to demonstrate the effect that removing hagB and hagC from the P. 

gingivalis genome has on the cytokine and chemokine profile of THP-1 cells by using an 

in vitro mono-species infection model.

6.2 Materials and Methods

6.2.1 Cell culture methods

Monocytic THP-1 cells were grown in 5% CO2 at 37°C (Sanyo CO2 Incubator) in RPMI 

containing 10 mM HEPES, 1 mM sodium pyruvate, 4.5 g/L glucose, 1.5 g/L bicarbonate 

(Gibco), to this a final volume of 10% foetal calf serum (Sigma) and 0.05 mM 2- 

mercaptoethanol was added. When it was required media was supplemented with 2 pi of 

Phorbol 12 — Myristate 13 - acetate (PMA) (Sigma). The cells were cultured as a single 

cell-suspension and maintained at a cell concentration between 5x10"^ and 8x10^ cells/ml. 

The media was replaced every 2 to 3 days depending on cell density. The cells were split 

1:4 once a week. Cell viability was assessed using Trypan blue (Sigma) exclusion as 

outlined in Chapter 2.

6.2.2 Multi-analyte enzyme linked immunosorbent assay (ELISA)

The THP-1 cells were plated at 1 x 10^ cells/well of a 6 well plate in 3 ml of media 

containing 1 ng/L PMA. On exposure to the PMA the cells differentiated into adherent
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macrophage like cells. Prior to the assay been carried out cells were washed with PMA free 

media and incubated for a further 24 hr.

Cultures of P. gingivalis W83 and ECM233 were grown up anaerobically overnight at 

37°C in hemin rich sTSB. Using these overnight cultures, 8 ml cultures were inoculated to 

an ODeoo of 0.45 and re-incubated for 2 hr until they reached an OD6oo of 0.6 ( ~2 x 10^ 

bacteria).

The cultures were spun down at 3,200 x g (Centrifuge 5810 R, eppendorf) for 10 min in 

sterile falcon tubes. The broth was removed from the cultures using a sterile pipette and the 

bacterial pellets were re-suspended in 8 ml of 1 X Dulbecco’s phosphate buffered saline 

(PBS) (Sigma). The optical density of each bacterial suspension was re-measured to ensure 

that it was OD6oo of 0.6. The bacteria were diluted 1:100 in antibiotic free THP-1 media.

To each well of a 6 well plate 1 ml of bacterial culture was added to give a multiplicity of 

infection (m.o.i) of 20. The plate was then incubated for 20 hr at 37°C in 5 % CO2. The 

media was removed from each well after 20 hr and spun at 3,000 x g to pellet the bacteria. 

The supernatant was aspirated off and stored at - 20°C until use.

The Human TLR- induced Cytokines II: Microbial-induced (QIAGEN) kit was used to 

examine the effect that the absence of HagB and HagC has on THP-1 cells cytokine 

production. The cytokines and chemokines represented by this array are Tumour necrosis 

factor-alpha (TNFa), Interleukin-IB (IL-IB), Interleukin-6 (IL-6), interleukin-12 (IL-12), 

Interleukin-8 (IL-8), monocyte chemotactic protein-1 (MCP-1), regulated on activation, 

normal T-cell expressed and secreted protein (RANTES), macrophage inflammatory 

protein-1-alpha (MIP-la), macrophage inflammatory protein-1-beta (MIP-lp), 

macrophage derived chemokine (MDC) and Eotaxin. The experiment was carried out as 

per the manufacturer’s instructions. This experiment yielded semi-quantative data that 

allowed for the selection of cytokines for further study.
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6.2.3 Macrophage inflammatory protein ip ELISA:

Cells and bacterial cultures were prepared as described previously for multi-analyte 

ELISA. Based on the results from the Multi-analyte ELISA, the chemokine Macrophage 

inflammatory protein-1 p (MIP-l p/CCL4) was selected for further analysis. The experiment 

was carried out on WT, ECM233, ECMIOO and ECM200. The kit used was the CCL4 / 

MIP-1P kit (R & D systems). The experiment was carried out on cellular supernatants as 

per the manufacturer’s instructions.

It yielded quantitative data that allowed for differences in MIP-ip production to be 

assessed in response to wild type W83 and its mutant derivatives. Supernatants from cells 

that were not exposed to P. gingivalis acted as a control. This assay was carried out at 

M.O.l’sof lOand 50.

6.2.4 Statistical Analysis

For the multi-analyte assay data sets were assessed using an unpaired student’s t-test.

For the MIP-ip ELISA differences between WT and mutant strains were determined by 

analysis of variance (ANOVA). When ANOVA was carried out Dunnett’s Multiple 

Comparison was also performed. For all data P-values of < 0.05 were considered 

statistically significant. All statistical analysis was carried out using Graphpad Prism 5 

software (Graphpad Software Inc., 7825 Fay Avenue, Suite 230, La Jolla, CA 92037, 

USA).
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6.3 Results

6.3.1 Multi-analyte assay overall

This assay was a semi-quantitative assay carried out on P. gingivalis WT W83 and 

ECM233 (AhagB/AhagC) to assay changes in expression of multiple protein targets 

induced by TLR receptor activation. In this case the cytokines and chemokines represented 

by this array are TNFa, IL-lp, IL-6, IL-12, IL-8, MCP-1, RANTES, MIP-la, MIP-lp, 

MDC and Eotaxin.

Of the twelve cytokines and chemokines assessed it was found that there were statistically 

significant changes between the levels of IL-8 and MIP-ip. These differences were visible 

when both the corrected absorbance values and the fold differences were examined (Fig 

6.1). Detailed statistical analysis revealed that the most statistically relevant differences 

were found when MlP-ip was examined. It was found that THP-1 cells that had been 

exposed to WT as opposed to ECM233 had lower levels of absorbance for MIP-ip (p- 

value 0.0021) (Fig 6.2a). These differences were also demonstrated when fold difference 

was examined (p-value of 0.0036) (Fig 6.2b). This suggests a lower level of production of 

MIP-lp by the THP-1 cells that have been exposed to WT compared to those that have 

been exposed to ECM233.

In order to verify if this was the case it was decided to carry out a fully quantitative ELISA 

for MIP-1 p alone, using all mutant strains constructed at the time.

6.3.2 Quantitative examination of levels of MIP-lp produced by THP-1 cells post infection 

with WT and mutant strains

This assay was fully quantitative for the levels of MIP-1 P produced by THP-1 cells on 

exposure to the different mutant strains. This is due to the fact that as part of the protocol a
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standard curve is carried out which on completion allows for the absorbance values to be 

converted to a pg/ml value. The experiment was carried out at M.O.I of 10 and 50.

It was found that at an M.O.I of 10 there were statistically significantly differences 

between WT and ECM233 (Fig 6.3).

There were no statistically significant differences between WT, ECMIOO or ECM200. At 

M.O.I 50 it was found that while there were differences between WT, ECMIOO, ECM200 

and ECM233, they were not statistically significant (Fig 6.4).
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(a)

(b)

Figure 6.1: The results obtained from the multi-analyte ELISA data analysed in two ways, 

a) Using the corrected absorbance values, b) Using fold differences as a measure of scale.
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(a)

(b)

Figure 6.2: Mip-ip expression data from multi-analyte assay a) on corrected raw data 

values (t-test p-value 0.0021) and b) fold difference (t-test p-value of 0.0036). (ECM233 = 

AhagB/hagC).
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(a)

400 n

(b)

Strain

Dunnett's Multiple Comparison Test q Significant? P < 0.05?

Wtvs. ECM100 0.4690 No

Wt vs. ECM200 0.2766 No

Wt vs. ECM233 5.737 Yes

Figure 6.3: a) Levels of Mip-lp production by THP-1 cells at an M.O.I of 10. b) The 

results of Dunnett’s multiple comparison. It was found that there were statistically 

significant differences between WT and strains ECM233. (ECMIOO = AhagB, ECM200 = 

AhagC, ECM233 = AhagB/hagC).

181



(a)

(b)

400 n

Strain

Dunnett’s Multiple Comparison Test q Significant? P < 0.05?

WT vs. ECM100 0.1688 No

WT vs. ECM200 0.4676 No

WT vs. ECM233 0.7532 No

Figure 6.4: a) Levels of Mip-ip production by THP-1 cells at an M.O.I of 50. b) The 

results of Dunnett’s Multiple Comparison. There were no statistically significant 

differences found between WT strain and the mutant strains under these conditions.
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6.4 Discussion

The fact that HagB is immunogenic has already been well documented in a number of 

studies, including rodent models of infection (Gaddis et al., 2011, Zhang et al., 2005a). 

However the vast majority of these studies have been carried out using purified rHagB as 

opposed to whole cell bacteria, thus the effect that the removal of the HagB gene on the 

immunogenicity of P. gingivalis as a whole has yet to be fully established

Given the high levels of homology between HagB and HagC, it is likely that HagC has 

similar immunogenic properties as that of HagB. To date though, no studies have been 

carried out assessing the ability of HagC to stimulate the immune response, for this reason 

it is important to look at a HagC mutant. Due to the previously mentioned homology 

between the two genes, and the potential for redundancy of function between the two 

examining the effects of removal of both hagB and hagC from the P. gingivalis genome is 

essential to elaborate on the immunogenicity of the bacteria as a whole.

One of the primary ways immunity is activated in response to bacteria is through 

recognition of pathogen-associated molecular patterns (PAMPs) by pathogen recognition 

receptors (PRRs) which are found on a number of cells involved in innate immunity 

(Takeda and Akira, 2005). One group of PRRs which have been well studied are the toll 

like receptors (TLRs) found on cells such as macrophages, monocytes and dendritic cells, 

all of which act as sentinel cells. Different TLRs recognise different PAMPs, for example 

TLR2 recognises bacterial peptidoglycan and TLR4 recognises bacterial LPS (Hans and 

Hans, 2011). TLRs are known to play a dual role in terms of oral health. It has been shown 

that they are important for maintaining oral homeostasis however they also play a role in 

the development of periodontitis (Hans and Hans, 2011).
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In the healthy state TLRs are continuously exposed to the bacteria present in plaque and 

are thus in a steady state of low activation (Kusumoto et al., 2004). Under this low level of 

activation they trigger the release of antimicrobials such as p-defensin into the oral cavity, 

as well as the recruitment of phagocytic cells. The antimicrobials and white cells act in 

tandem with one another to prevent bacterial out-growth of plaque, as well as keeping 

levels of invasion to a minimum (Hans and Hans, 2011).

Gingival epithelial cells serve as a barrier layer, preventing bacteria entering the tissues 

underneath. If this layer is breached TLRs that were dormant become triggered which 

facilitates the development of an exaggerated immune response that ultimately leads to 

tissue destruction and tooth loss. When the response is no longer kept in check by anti­

inflammatory signally a non-responsive, non-productive inflammation is established, the 

levels of plaque increase, the periodontal pockets deepens, connective tissue is destroyed, 

bone resorption occurs and ultimately the teeth in the affected area will be lost.

TLRs are important for both oral health and in disease progression. In order to understand 

how TLRs respond in terms of cytokine production to the absence of HagB and HagC from 

the surface of P. gingivalis, it was decided to study cytokine production in a cell line which 

produces a wide variety of TLRs, namely THP-1 cells.

The multi-analyte assay used here to investigate Human TLR-induced cytokines is a 

qualitative and semi-quantative assay. The reason the assay is only semi quantative is 

because the absorbance values for each protein assessed are not converted to a 

concentration of the protein, as no standard curve is carried out to allow for that. As such 

assessment of the data is based on the corrected absorbance values only, these values can 

be compared between samples to determine whether there are changes in protein levels in 

terms of their absorbance values only.

184



The semi-quantitative multi-analyte assay was performed on WT and strain ECM233, this 

was due to the fact that ECM233 has both genes missing, allowing for the best comparison. 

The results showed that there were statistically significant differences in absorbance values 

between WT and ECM233 when IL-8 and MIP-lp were examined (Fig 6.1). Of the 

chemokines flagged by the multi-analyte assay, MIP-lp was considered to be the most 

interesting. This is due to the fact that P. gingivalis’s interactions with IL-8 have already 

been well characterised (Champaiboon et al., 2014, Hasegawa et al., 2008, Liu et al., 2014, 

Takeuchi et al., 2013).

A statistically significant difference was found between WT and strain ECM233 when 

absorbance and fold difference for MIP-lp were examined. When the corrected raw data 

values were studied, it was found that WT had an absorbance level of 200, while the level 

for ECM233 was 400. An unpaired Student’s t-test was performed, which gave a 

significant p-value of 0.0021 (Fig 6.2a). The fold differences of MIP-lp were also studied 

to identify differences between the two strains. Using an unpaired Student’s t-test it was 

found that there was a statistically significant difference between the two strains, with a p- 

value of 0.0036 (Fig 6.2b).

The detection of these differences suggested that it would be worthwhile to examine the 

levels of MIP-ip produced in response to all four mutant strains constructed in this study. 

A single analyte assay was carried out on WT, ECMIOO, ECM200 and ECM233. A 

standard curve was also generated meaning that the assay was fully quantative for MIP-lp 

production, thus allowing differences in concentration of the analyte to be examined. The 

experiment was carried out at two different multiplicity of infections, an M.O.I of 10 and 

anM.O.I of 50.

At an M.O.I of 10 it was found that there were no statistically significant differences 

between WT, ECMIOO and ECM200. There was a statistically significant difference in
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WT and strain ECM233 (Fig 6.3). The results indicate that more MIP-ip is produced in 

response to ECM233 compared to WT, suggesting that in the absence of hagB and hagC 

the strain becomes more immunogenic. One possible reason for this could be that in the 

absence of hagB and hagC, other cell surface proteins are up-regulated which are highly 

immunogenic. This theory was supported by our qPCR data as it was found that ECM233 

produced high levels of RgpA compared to the other strains when grown under similar 

conditions (Chapter 5). Exposing the THP-1 cells to ECM233, which is potentially 

upregulating RgpA could account for the differences in immunogenicity seen, as RgpA is 

an immunogenic protein. These genes could be upregulated to functionally compensate for 

HagB and HagC. This would also account for the increased levels of MIP-1P seen here.

The immunogenicity of HagB has previously been studied, most recently in studies 

involving the binding of histatin 5, which has anti-microbial activity. It has been shown 

that the binding of histatin 5 to immobilised rHagB leads to a 12.5% reduction in MIP-1 P 

produced by dendritic cells (Borgwardt et al., 2014). This study suggests that HagB may 

bind host proteins to mask its immunogenicity and possibly the immunogenicity of the 

whole cell surface, a trait which is commonly seen in a variety of bacteria (Potempa et al., 

2008). In the absence of HagB and HagC, this could lead to decreased binding of host 

proteins and increased exposure of bacterial cell surface moieties. The mutant strains 

examined here generally exhibit reduced pigmentation following growth in haem rich 

medium, suggesting that the surface haem layer is reduced, which may also lead to 

increased exposure of bacterial cell surface moieties resulting in increased levels of IL-8 

and MIP-1 seen here as there is increased recognition of PAMPs by PRRs.

When the experiment was carried out at an M.O.I of 50, differences were detected but they 

were not significant (Fig 6.4). One reason for this is that this is a high multiplicity of 

infection to use against THP-1 cells; each cell is effectively swarmed with 50 bacteria.
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This level of exposure to bacteria can trigger apoptotic pathways leading to cell death. It is 

probable that the assay was carried out on a partially apoptotic population. This was found 

to be the case when the cells were examined microscopically, with evidence of cell death 

found in the notable rounding of the cells and the presence of cell debris. It has been 

previously shown that at an M.O.I of 50 P. gingivalis strain W83 does have cyto-toxic 

effects on THP-1 cells (Yee et al., 2012).

This study shows that the absence of both of these genes from the genome effect the 

bacterium’s immunogenicity, creating a strain that is more immuno-stimulatory than WT. 

This could be because of up-regulation of other proteins such as RgpA to compensate for 

HagB and HagC on the bacterial cell surface or because the proteins themselves possess 

either proteolytic activity or bind host proteins to mask the bacterial cell surface, which in 

their absence leads to increased levels of cytokines such as MIP-ip and lL-8 in the double 

mutant.
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Chapter 7:

Screening a Porphyromonas gingivalis transposon 

mutagenesis library for genes involved in

adherence, invasion and survival in an epithelial

co-culture model
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7.1 Introduction

Many important genes which play a role in the pathogenesis of P. gingivalis infection have 

been identified in recent years. However there are still a significant number of genes within 

the P. gingivalis genome where function is either poorly understood or completely 

unknown. In order to fully understand this organism it is vital that we elaborate on the role 

that these genes and the proteins they encode for play in the infectious process so our 

understanding of their function can develop and become more clearly defined.

One of the most commonly used techniques to establish gene function is insertional 

mutagenesis, where the gene of interest is either interrupted or removed from the genome 

and replaced with an antibiotic resistance gene. By interrupting or deleting the DNA of the 

gene of interest it ceases to code for a viable protein product. The phenotypic effect of the 

mutation is then studied e.g. does the mutant differ in growth rate compared to the wild- 

type parent strain.

The technique has been previously used to establish the role of a number of genes and their 

subsequent proteins in the virulence of P. gingivalis, including the gingipains, hmuR and 

the vimE gene (Shi et al., 1999, Simpson et al., 2000, Vanterpool et al., 2004). The 

technique does have limitations as the function of only a small number of genes can be 

studied at any given time and the mutagenesis process is lengthy, something that is 

exacerbated by the slow growth rate of P. gingivalis itself.

Transposon mutagenesis is a technique which has been used to identify genes involved in 

virulence and other bacterial processes. It offers an alternative, high-throughput approach 

to the traditional methods and is an important tool for creating inactivation mutants. 

Transposon mutagenesis makes use of transposable elements which are discrete segments 

of DNA capable of relocating between genomic sites. They are ubiquitous in nature and

are found in Archaea, Eubacteria and Eukarya, including humans. When used for
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mutagenesis studies the most preferable transposable elements are those that insert 

randomly or near randomly (Hayes, 2003). The value of using transposons as genetic tools 

is essentially based on this factor, the transposable elements can insert randomly into sites 

throughout the host’s genome, while giving only one insertion per mutant strain (Klein et 

al., 2012). Bacterial transposable elements range from simple insertion sequence elements 

made of a gene for transposition bound by inverted repeat sequences, to complex 

conjugative transposons which exhibit hybrid properties of transposons, bacteriophages 

and plasmids (Hayes, 2003).

Two previous attempts have been made to use transposon systems in P. gingivalis, with 

limited success. The systems were based on Tn4435 and Tn4400 which preferentially 

inserted into certain regions of the chromosome (“hot-spots”) essentially limiting the 

distribution of interrupted genes. The attempts were also limited by the range of P. 

gingivalis strains that were available for mutagenesis (Chen et al., 2000, Hayes, 2003, 

Takada and Hirasawa, 1998). However huge advances have been made in the field using a 

Mariner transposon in P. gingivalis (BHein et al., 2012). The Mariner transposon was first 

identified and described in Drosophila melanogaster and it has been shown to be highly 

effective for in vitro bacterial mutagenesis in a diverse range of species (Lampe et al., 

1999, Lampe et al., 1996). It has been shown that Mariner transposons insert preferentially 

into “TA” nucleotide sites which are abundant throughout genomes. In the case of P. 

gingivalis ATCC33277 genome, the strain used for this part of the study, it has been shown 

that there are only four NCBI annotated genes that lack a TA site. They are less than 40 

amino acids long and encode for hypothetical proteins (Klein et al., 2012).

Recently major advances in the analysis of bacterial transposon libraries, including 

Mariner based systems have been made; researchers are now pairing transposon 

mutagenesis with massively parallel sequencing technology to quantitatively identify the
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location of the transposons in a library pool by sequencing the transposon-genome 

junction. This strategy is commonly known as “Tn-Seq” and it has the potential to 

accelerate considerably the lag between gene discovery and gene function, as it allows for 

putative gene function to be established, as well as facilitating higher order genome 

organisation (van Opijnen and Camilli, 2013). Complex Mariner transposon libraries 

either teamed with Tn-Seq technology or other methods have already been used to identify 

the essential genes of P. gingivalis (Klein et ah, 2012) as well as the essential genome of 

several other bacterial species including Campylobacter jejuni, Streptococcus pneumonia 

and Haemophilus influenza (Gawronski et al., 2009, Molzen et al., 2011, Stahl and Stintzi, 

2011) . It is our belief that it has the potential to establish the role of genes of unknown 

function through an adaptive screening method that can implicate processes that the genes 

are involved in, thus elaborating on their function.
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7.2 Materials and Methods:

7.2.1 Bacterial culture conditions:

A transposon mutagenesis library of P. gingivalis strain ATCC33277 was kindly donated 

by Brian A. Klein of Tufts University, Boston. The bacterial library was snap frozen in 

liquid nitrogen and shipped on dry ice. Upon arrival, the samples were gently thawed and a 

200 pi volume of library was plated onto fresh sTSA supplemented with 50 pg/ml 

gentamicin and 10 pg/ml haemin. Gentamicin was added to prevent contamination. Plates 

were incubated at 37°C until a lawn of growth was observed. In order to generate library 

stocks for future use, a 5 ml volume of 20% (v/v) glycerol in TSB was added to each plate. 

The lawn of growth was then removed with a cell scraper and batches of bacteria from 

different plates were pooled, aliquoted in 500 pi volumes and stored at -80°C.

To activate the library for use in assays, frozen aliquots of bacteria (2 x 500 pi) were 

removed from the -80°C freezer and thawed at room temperature. A 100 pi volume was 

diluted 10-fold to lO”^ in sTSB and 100 pi aliquots were spread on sTSA to assess recovery 

by plate count. The remainder of the stock (900 pi) was plated without dilution on sTSA 

plates containing twice the normal haemin concentration to aid recovery.

Plates were incubated for 10 days and the titre of the library was assessed from the serial 

dilutions and this was used to estimate the number of mutant clones recovered from the 

aliquots. Growth was removed from the remaining plates by scraping to yield at least 10^ 

individual mutant clones in each assay. The library contains 3.5 x 10"* individual insertions 

(B. Klein, personal communication), meaning that each pool contained at ~3 x 10^ 

individual copies of each mutant strain. Growth from the plates was suspended in sTSB 

and pooled for use in the assay.
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7.2.2 Cell culture conditions:

H357 cells were maintained as outlined in section 2.6.1. All experiments were carried out 

in T-75 flasks (Corning).

7.2.3 Cell based assays:

The bacterial suspensions described in section 7.2.1 were added to a sterile 50 ml tube 

(Greiner Bio-One) and spun at 3,200 x g for 10 min. The supernatant was removed and the 

pellet was re-suspended in sterile 1 X PBS. The solution was then spun at 3,200 x g for 10 

min and the supernatant removed. This wash step was carried out three times in total. After 

the final wash the bacterial cells were re-suspended in PBS to an ODeoo of 5. The bacteria 

were then diluted 1/10 (to give 2.5 x lO^Vml) and then 1/2 (to give 1.25 x lOVml). A 2 ml 

volume of the dilute bacterial solution was set aside to facilitate counting and further 

down-stream analysis. A 1 mi volume was then added to each T-75 flask, giving an M.0.1 

of ~100. Bacterial samples were set aside at various stages of each assay to allow for DNA 

extraction (Fig 7.1).

7.2.3.1 Adherence assays:

Infected cells were incubated at 37°C for 90 min. The media containing non-adherent 

bacteria was removed and stored for DNA extraction. The epithelial cells were gently 

washed 3 x times in sterile PBS to remove non-bound bacteria. After washing the cells 

were incubated at 37°C for 20 min in 10 ml sterile molecular grade H2O for 20 min in 

order to lyse the H357 cells. The lysate was then spun down at 3,200 x g, the supernatant 

was removed and the remaining pellet was re-suspended in a 1.1 ml volume of sterile PBS 

and moved to a sterile micro-centrifuge tube (Eppendorf). A 100 pi volume was taken and 

serial diluted ten-fold to allow for bacterial plate counting.
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Figure 7.1: In vitro model of host cell interaction outlining the methods used in both the 

adherence and invasion Tn-Seq screening assays.
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The remaining 1 ml volume was centrifuged at 10,000 x g for 2 min, the supernatant 

removed and the pellet stored at - 20°C for DNA extraction (Fig 7.1).

Samples for DNA extraction were spun down at 3,200 x g for 10 min. The remaining 

supernatant was removed and the pellet was re-suspended in 1 ml sterile PBS and placed in 

a sterile micro-centrifuge tube (Eppendorf). The sample was then spun at 10,000 x g for 2 

min, the supernatant removed and the pellet stored at -20°C for DNA extraction. This 

bacterial DNA is referred to hereon as the adherence output sample.

7.2.3.2 Invasion assays:

Infected cells were incubated at 37°C for 3 hr. The infected cell media containing non- 

invasive bacteria was removed and stored. Fresh media containing 30 pg/ml of 

metronidazole was added in order to kill all non-intemalised bacteria. Cells were incubated 

in this media for 1 hr. The cells were then washed 3 x times in sterile PBS. After washing 

the cells were lysed in 10 ml of sterile molecular grade Ft20 at 37°C for 20 min. The lysate 

was removed from each flask, spun at 3,200 x g and the supernatant removed and the pellet 

re-suspended in a 1.1ml volume of sterile PBS. A 100 pi volume of this suspension was 

taken and used for counting as outlined in the adherence assay protocol. The remaining 1 

ml volume was transferred to a sterile micro-centrifuge tube (Eppendorf)., spun at 10,000 x 

g , the supernatant removed and the remaining pellet stored at -20°C for DNA extraction 

and down-stream analysis (Fig 7.1). This bacterial DNA is referred to hereon as the 

invasion output sample.

7.2.4 DNA extraction:

Genomic DNA was also isolated using GenElute Bacterial Genomic DNA kit (Sigma- 

Aldrich) as per the manufacturer’s instructions. The quality and the quantity of the DNA 

was then assessed by nano-drop as per section 2.1.7 before been snap frozen in liquid 

nitrogen and sent to Tufts University Boston for down-stream analysis.
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7.2.5 Nested semi-random PCR and sequencing

All PCR and sequencing reactions were carried out by Brian A. Klein in Tufts University 

Boston. Genomic DNA was first eluted in 100 ql elution buffer (Qiagen) and then sheared 

with a Branson 450 sonifer for 2 min (10 sec on 5 sec off duty cycle, 100 % intensity) 

using a high intensity cup horn that was cooled by a circulating water-bath (4°C). C-tails 

were then added to 1 pg of sheared DNA. The 20 pi reaction contained 0.5 pi TdT enzyme 

(Promgea), 4 pi 5 X TdT reaction buffer (Promega), 475 pM dCTP and 25 pM dideoxy 

CTP. The dideoxy CTP acts to limit the lenght of the poly-C tails by functioning as a chain 

terminator. Samples were incubated at 37°C for 1 hr before a heat inactivation step was 

carried out at 75°C for 20 min, dideoxy CTP and other small molecules were removed by 

filtration using a Performa gel filtration cartridge (Edge Biosystems). Transposon 

containing fragments were then amplified in a 50 pi PCR reaction which contained the 

following; 5 pi C-tailed template DNA, 600 nM C-tail specific primer, 600 nM transposon 

specific primer, 400 pM dNTPs, 5 pi 10 X buffer and 1 pi Easy-A DNA polymerase mix 

(Agilent). The reaction had an incubation at 95°C for 120 sec followed by 24 cycles that 

were carried out using 30 sec denaturation steps at 95°C, 30 sec annealing steps at 60°C 

and 120 sec extension steps at 72°C and a final extension of 120 sec at 72°C. A second 

PCR was performed to amplify the specific transposon-genomic DNA junctions and add 

the additional sequences needed for Illumina sequencing and indexing. A 50 pi reaction 

was carried out which contained 1 pi of template from the PCR # 1, 600 nM transposon end 

specific primer, 600 nM indexing primer, 400 pM dNTPs, 5 pi 10 X buffer and 1 pi easy- 

A DNA polymerase mix (Agilent). The reactions were carried out as follows; sandwiched 

by an initial incubation at 95°C for 120 sec and a final extension at 72°C, 12 cycles were 

performed using 30 sec denaturation steps at 95°C, 30 sec annealing steps at 60°C, and 120 

sec extension steps at 72°C. Samples were then run for 51 cycles in a single end 

sequencing reaction on a single lane of an Illumina Genome Analyzer II (Tufts University)
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using the custom sequencing primer pSAM3 and the standard Illumina index sequencing 

primer. The sequences for the primers used here, as well as a more detailed account of the 

methods can be found in Klein et al., (2012) (Fig 7.2).

7.2.6 Data Analysis:

All read mapping and primary data analysis was carried out on the Galaxy server (Tufts 

University) in combination with Microsoft Office software. In brief, sequencing files are 

imported in FASTQ format. Using the adapter clipping script the C-tails are removed from 

these sequences. The sequences are then filtered based on quality with low quality 

sequencing reads being removed. The clipped and filtered sequences are aligned to their 

reference genome in this case P. gingivalis strain ATCC33277; accession number 

AP009380.1, using “Bowtie” with its default setting. Tbe Bowtie output was used to create 

a custom file termed “hopcount”, which tabulated the transposon insertion sites and the 

number of times an insertion site was sequenced. From this data, a Microsoft Excel 

spreadsheet file was generated which indicated the position in the genome, the locus 

(assuming the insertion occurs within a gene) that an insertion maps to, the strand of DNA 

associated with the insertion, as well as the frequency of reads for each insertion site. 

Using this excel output it was possible to compare the abundance of specific insertion 

mutants in the assay input (initial inoculation) and output (washes and lysates) samples. 

The presence or absence of an insertion mutant in the input or output samples was 

estimated based on the number of times an insertion site was sequenced. By generating a 

ratio of output reads/input reads it was possible to determine which insertion mutants 

exhibited reduced abundance in the output samples (adherence and invasion samples) 

relative to the input library. For statistical analysis, these data were imported into 

GeneSpring GX 13.0 (Agilent Technologies, Santa Clara, CA, U.S.A).
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Ratio values were normalised to the median of the ratios and a subjected to a Mann- 

Whitney test using the “Storey with Bootstrapping” post-hoc test for multiple testing 

correction. Insertion mutants with a Q value of < 0.05 that exhibited a 5-fold change in 

abundance were selected for further analysis. In order to visualise the data, a BED file was 

generated which contained insertion site and frequency data and can be visualised using 

the GenomeView software package. The P. gingivalis ATCC33277 reference genome for 

GenomeView visualisation were downloaded from NCBI GenBank in PASTA format. The 

BED files were then used as input for GenomeView. Further bioinformatic analysis was 

carried out using the UniProt database (EMBL-EBI), the SIB Swiss Institute of 

Bioinformatics and the Protein Information Resource (PIR).
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Figure 7.2: Diagram outlining the downstream processing of DNA. Samples were sheared 

and C-tailed before under-going a semi-random PCR process. The samples then underwent 

lllumina sequencing. The generated sequences then underwent data analysis.
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7.3 Results:

7.3.1. Validation and statistical analysis of input and output samples:

Following lllumina sequencing and data processing, it was found that insertion reads 

(mutations) were identified in 1192 P. gingivalis ATCC33277 genes. This represents 73% 

of the non-essential genome identified by Klein et al. (2012).The numerical data on 

insertion frequency contained in the “hopcounf’ file was exported to GeneSpring GX13.0. 

This file indicated the position in the genome of the insertions, the locus that an insertions 

map to, strand orientation and the frequency of reads for each insertion site in each 

experimental condition. Initial examination of the data in GeneSpring identified 390 genes 

that had <200 sequence reads in both control (input) and experimental (output) samples 

and these were “flagged absent” and excluded from further analysis as the number of reads 

was deemed too low for significance analysis. The data for the remaining 802 orfs was 

included for further analysis. In GeneSpring the ratio of reads per gene in the output 

libraries (i.e. DNA recovered post-screen) versus the input libraries (inoculum control) was 

calculated. Data from the adherence and invasion assays was combined as a “total 

interaction” assay in order to increase the statistical power of the analysis. The ratio data 

was normalised to the median of the ratios and the normalised ratio values were used to 

graphically illustrate the distribution of the data. Normalised ratio value corresponds to the 

number of output reads/input reads normalised to the median ratio for an individual gene 

(Fig 7.3). In order to identify statistically significant changes in abundance between input 

and output samples, a two tailed Mann-Whitney test was carried out with an additional 

post hoc test (Q < 0.05) to confirm the differences detected by the Mann-Whitney test. 

Genes that passed this test with a 5-fold change in abundance were selected for further 

analysis. A total of 128 genes had a significant (5-fold) decrease in abundance following in 

vitro passage.
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(a)
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Normalised Ratio (Output reads/input reads)

(b)

1 mi
No. Of Observations 802

No. of Mlsslno Values 0
Minimum -8 53464

Maximum 3 746392
Mean -2 8135793

Trimmed Mean -2 8290687
Median -2 9616156

Std. Oevlailon 2 051129
Trimmed Std. Donation 1 9227301

No. Of Outliers 12
Percentile 1.0 -6 4170094
Pertemlle 5.0 -5 7870564

Percemile 10.0 -5 2905016
Percentile 25.0 -4 332612
PercentHe 50.0 -2 9616156
PercentUe 75.0 -1.5965178
Percentile 90.0 0.044314466
PercentHe 95.0 0 9795877
PercentUe 99.0 2 8603566

Figure 7.3: a) Ratio of output/input reads per gene were generated in GeneSpring and 

graphed showing their distribution. Normalised Ratio = No. Output reads/input reads 

normalized to median. Genes with normalized ratios 5-fold above or below the median are 

shaded, b) Numerical data showing the range and distribution of normalised ratios (pre­

normalisation).

201



Of the genes assessed 27 genes were found to have a significant increase in abundance (Fig 

7.3 b). For the purpose of this study we focused on those that were found to have a 

significant reduction.

7.3.2 Identifying genes involved in adherence, invasion and survival in an epithelial co-culture 

model

In order to establish proof of principle for this screen it was decided to examine shifts in 

abundance in genes that have a known function in adherence and invasion including 

haemagglutinins {hagA, hagB, hagC) fimbrial subunits including fimA, the fmR/fmS 

encoded response regulator genes and the epithelial modifying enzyme serB. Our 

hypothesis was that these genes should exhibit low output/input ratios due to their roles in 

adherence and or invasion or epithelial cells.

The fimR/fimS (PGN_0903/PGN_0904) operon encodes a two component signal 

transduction system which plays a central role in the regulation of fimA expression 

(Hayashi et al., 2000). T\\q fimS gene encodes for a histidine kinase that in conjunction 

with fiimR, encoding the cognate response regulator, controls the production of major 

fimbriae. Studies have shown that FimR controls the expression of several genes clustered 

around i\\e fimA locus. FimR binds to the first gene in this cluster which encodes a key 

regulatory protein for fimA expression (Nishikawa et al., 2004). FimR has also been shown 

to influence the expression of mfal gene, which encodes for the short fimbriae of P. 

gingivalis, by binding directly to the mfal promoter region (Wu et al., 2007). Substantial 

reductions in output reads were seen in fimR and fimS insertion mutants and fimR was 

shown to have a normalised ration of -2.8. The //wS gene (PGN_0904) while not identified 

in our group of significantly affected genes was shown to exhibit a ~ 50% decrease in 

abundance in output libraries.
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We examined the ratios of the other members of the fim gene family which encode the 

structural subunits of the major fimbriae. We found that fimC and fimE had normalised 

ratios of -2.48 and -2.4 showing a significant reduction in abundance in output populations 

compared to the input samples. FimA, which encodes the major adhesive subunit of the 

fimbriae showed a decrease in abundance of ~ 50 % relative to the input samples.

The gene serB encodes for a well described invasin in P. gingivalis (Bainbridge et ah, 

2010, Enersen et ah, 2013, Hasegawa et ah, 2008). The normalised ratio for serB was 

found to be -3.76 indicating that insertion mutants were significantly less abundant in the 

output library. We also examined the data recovered for the hagB and hagC gene^. 

Unfortunately due to the low level of reads (<50) in the input samples data from these 

genes was flagged absent and was excluded from subsequent analysis.

A total of 128 genes (Table 7.1) showed a 5-fold or greater reduction in abundance 

following in vitro passage. Of these 128 genes, many were found to encode for proteins 

with hypothetical functions based on homolgy or proteins with completely unknown 

function. Of these genes a number encoded putative TonB-dependent outer membrane 

receptors and a TonB dependent receptor exported protein. Also of potential interest is 

PGN_1611 (normalised ratio -3.4) which encodes for a protein with homology to 

intemalin.
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Table 7.1: Table showing the genes which had a 5 fold or more reduction in the output 

files compared to the input files.

Name Normalised Ratio Description End Start Strand

PGN_0379 -6.43464 hypothetical protein 414665 413733 +

PGN_0313 -6.381278 peptide chain release factor 3 341703 340123

PGN_2026 -5.607772 abortive infection protein 2269615 2268314 -

PGNJ712 -5.022053 endonuclease III 1911989 1911315 +

PGN_1347 -4.6955647 TonB-dependent receptor exported protein 1504520 1502016 +

PGN_1247 -4.5232877 hypothetical protein 1397213 1397064 +

PGN_t0026 -4.3139132 tRNA 1142708 1142632 +

PGN_0942 -4.2203945 hypothetical protein 1048531 1047725 +

PGN_0228 -4.1147064 coenzyme F390 synthetase 248828 247494 +

PGN_1185 -4.0775665 hypothetical protein 1316775 1316212 -

PGN_1306 -4.0683125 hypothetical protein 1449152 1448901 -

PGNJ953 -4.0593337 TonB-dependent outer membrane receptor 2176587 2174086 +

PGN_1425 -3.9407166 partial Type 11 restriction enzyme 1588271 1587756 +

PGN_0858 -3.916292 ABC transporter ATP-binding protein 944314 943616 +

PGN_1690 -3.902369 exported fucosidase 1889381 1887561 +

PGN_0938 -3.887125 8-amino-7-oxononanoate synthase 1045118 1043970 +

PGN_0193 -3.8637103 polysaccharide deacetylase 206364 205717 +

PGN_0159 -3.852226 thiamin-phosphate pyrophosphorylase 174263 172320 -

PGN_0533 -3.8486947 quinolinate synthetase 583429 582503 -

PGN_1738 -3.835968 long-chain-fatty-acid-CoA ligase 1953537 1951864 +

serB -3.7677516 phosphoserine phosphatase 752459 751218 -

PGN_1992 -3.7609147 helicase 2233058 2230773 -

PGN_07I4 -3.7487954 pyrazinamidase/nicotinamidase 776920 776408 +

PGN_0194 -3.748396 hypothetical protein 207076 206390 +

PGN_0I39 -3.687785 rRNA large subunit methyltransferase 144061 143588 +

PGN_0882 -3.666457 hypothetical protein 976837 975971 -

PGN_1976 -3.6547836 hypothetical protein 2214194 2211615

PGN_0226 -3.647629 hypothetical protein 246413 245244

PGN_081I -3.6311616 hypothetical protein 892635 890017 -

PGN_0011 -3.6275414 hypothetical protein 14986 14216 +

PGN_0949 -3.626822 ABC transporter ATP-binding protein 1059334 1057580 +

PGN_1231 -3.604422 hypothetical protein 1376336 1376094 •

Name Normalised Ratio Description End Start Strand
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PGN_0230 -3.5679807 serine acetyltransferase 250162 249728 +

PGN_0922 -3.5392446 hypothetical protein 1027813 1026608 +

PGN_0271 -3.521741 endopeptidase PepO 293103 291034 -

PGN_1361 -3.5199527 hypothetical protein 1515843 1515640 +

dps -3.507471 DNA-binding protein from starved cells Dps 2282128 2281649 +

PGN_0691 -3.4994244 hypothetical protein 751206 750904 -

PGN_0940 -3.4942874 partial transposase in ISPg2 1045856 1045629 +

PGN_0378 -3.4646515 exopolyphosphatase 413634 412726 +

PGN_161I -3.3983745 hypothetical protein 1802886 1801429 +

PGNJ617 -3.38938 metallophosphoesterase 1809699 1808230 +

PGN_0905 -3.3872117 dihydroorotate dehydrogenase 1007921 1007223

PGN_0973 -3.3838176 hypothetical protein 1085742 1083418 ■

PGN_0009 -3.380213 glycosyl hydrolase family 3 13130 10119

PGN_I928 -3.3131846 hypothetical protein 2152509 2151763 -

PGNJ520 -3.29218 hypothetical protein 1703017 1700387 -

PGN_1524 -3.280363 hypothetical protein 1708322 1705857 +

PGN_0888 -3.2640647 hypothetical protein 983234 983139 +

PGN_0784 -3.252403 hypothetical protein 857338 856085

PGN_0150 -3.209242 ATP-dependent RNA helicase 164488 163205 -

PGN_0283 -3.2035283 exonuclease 304260 303478 +

PGN_1671 -3.196377 chromate transport protein 1867179 1866586 -

PGN_0946 -3.1910542 hypothetical protein 1055405 1053000 +

PGN_1112 -3.1808576 PhoH-like protein 1238342 1237008 +

PGN_1317 -3.1558484 hypothetical protein 1466599 1465109

PGN_1379 -3.1538986 hypothetical protein 1534478 1534341 +

PGN_0688 -3.148541 hypothetical protein 749461 748877 +

PGN_1697 -3.142384 hypothetical protein 1897149 1896118 “

PGN_1362 -3.107001 exported transglycosylase protein 1517539 1515974 +

PGN_0929 -3.103872 hypothetical protein 1034606 1032705 +

PGN_1581 -3.100394 DNA mismatch repair protein MutS 1774245 1771723 -

PGN_0099 -3.090054 peptidase 106588 105575 +

PGN_1691 -3.0676464 cysteine desulfurase 1890648 1889518 +

PGN_1920 -3.0442676 hypothetical protein 2143727 2141322 -

PGN_0862 -3.027629 Type Ill restriction enzyme, res subunit 949814 947073 -

PGN_1086 -3.027194 hypothetical protein 1210057 1209872 +

Name Normalised Ratio Description End Start Strand

PGN_0144 -3.025141 hypothetical protein 149463 148204 -

PGN_1U5 -3.018089 hemagglutinin 1240605 1239496 +
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PGN_0448 -3.0097603 ABC transporter ATP-binding protein 490628 489969 -

PGN_13I3 -3.0017795 hypothetical protein 1458199 1456472 +

fimR -2.9793014 LuxR family transcriptional regulator 1005132 1004449 -

PGN_1294 -2.9605135 hypothetical protein 1438501 1438283

PGN_1964 -2.9424747 CRISPR-associated helicase Cas3 core 2196018 2193898

PGN_1623 -2.9317497 hypothetical protein 1817637 1814278 -

PGN_2013 -2.923472 cation efflux system protein 2256270 2253151

PGN_1104 -2.922812 chorismate synthase 1230992 1229886 -

PGN_1998 -2.8899735 hypothetical protein 2237028 2236357 •

PGN_0492 -2.879712 cation-transporting ATPase 541825 539618 -

PGN_0719 -2.8275413 ABC transporter permease protein 785159 782790 -1-

PGN_19I7 -2.8210944 ABC transporter ATP-binding protein 2139147 2137393 -

PGN_2066 -2.8205346 ABC transporter ATP-binding protein 2318463 2316526 -

PGN_1046 -2.799664 DNA repair protein 1164981 1164289 +

PGN_0683 -2.7867493 TonB-linked receptor Tlr 743879 741759 '

PGN_1475 -2.760782 5’-methylthioadenosine/S- adenosylhomocysteine nucleosidase 1651509 1650823 -

PGN_0936 -2.756032 glycerate dehydrogenase 1043583 1042630 +

mazG -2.7443623 nucleoside triphosphate pyrophosphohydrolase 447698 446913 +

PGN_1962 -2.7412323 hypothetical protein 2192571 2191513 -

PGN_1217 -2.7402767 hypothetical protein 1357895 1357785 +

PGN_1777 -2.7231344 bleomycin hydrolase 1998918 1997647 -

PGN_I234 -2.6844543 hypothetical protein 1380269 1378668 -

PGN_0445 -2.6547398 membrane fusion efflux protein 487315 486209 -

PGN_0084 -2.64699 DNA topoisomerase I 91156 89027 +

PGN_1227 -2.621258 TPR domain protein 1372175 1370001

PGN_1723 -2.5895814 hypothetical protein 1924163 1922976 +

PGN_I200 -2.582709 recombination factor protein RarA 1336127 1334823 +

PGN_1814 -2.572983 tRNA 2-selenouridine synthase 2039152 2038118 +

PGN_0005 -2.540678 hypothetical protein 5041 3887 -

PGN_1497 -2.5399236 iron-sulfur cluster binding protein 1674005 1673034 -

PGN_1974 -2.5278996 hypothetical protein 2211090 2210566 +

PGN_0836 -2.5273746 hypothetical protein 929554 926879 *

PGN_1744 -2.523222 hypothetical protein 1957500 1956817 “

Name Normalised Ratio Description End Start Strand

PGN_1350 -2.5114216 hypothetical protein 1509077 1508085 -

PGNJ808 -2.508868 hypothetical protein 2031652 2030210 -1-

PGN_0484 -2.5018524 galactokinase 532437 531283 +

flmC -2.482772 minor component FimC 193873 192485 +
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PGNJ180 -2.469481 hypothetical protein 1313111 1312263 -

PGN_0504 -2.4622993 methylmalonyl-CoA decarboxylase beta subunit 551430 550279 +

PGN_0519 -2.4528226 competence protein 568076 566592 +

PGN_0334 -2.440459 hypothetical protein 366042 364744 +

PGN_0885 -2.432753 nitroimidazole resistance protein 981476 980940 •

PGN_1797 -2.430033 hypothetical protein 2019256 2018735 -

PGN_2033 -2.4195694 ATP-dependent RNA helicase 2278437 2276623 -

fimE -2.406615 minor component FimE 197549 195897 +

PGN_0071 -2.388865 hypothetical protein 76942 76589 -

PGN_1017 -2.387608 hypothetical protein 1 132352 1131963 +

PGN_0014 -2.3846263 hypothetical protein 20517 18271 +

PGN_1837 -2.381192 hypothetical protein 2067926 2067081 +

PGN_0520 -2.362276 shikimate kinase 568575 568015 -

PGN_0010 -2.312466 L-threonine-O-3 -phosphate decarboxylase 14206 13178 +

PGN_0786 -2.2908467 hypothetical protein 859363 858011 -

PGN_1960 -2.288571 CRlSPR-associated protein Casl 2190889 2189873 -

PGN_1879 -2.2795934 hypothetical protein 2097292 2097131 +

PGN_1629 -2.2736477 hypothetical protein 1823141 1822068 -

PGN_1769 -2.261283 hypothetical protein 1985137 1984961 “

PGN_0006 -2,2510933 Na+driven multidrug efflux pump 6473 5094 -

PGN_2074 -2.229063 hypothetical protein 2332404 2332150 -

PGN_0740 -2.2282743 hypothetical protein 808345 807914 +
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7.4 Discussion:

The process of identifying gene function by traditional methods such as mutagenesis and 

phenotypic characterisation is a lengthy process. It is also costly if the work is carried out 

in a speculative fashion on genes of poorly understood or unknown function and may yield 

little worthwhile data. However, mutagenesis is essential in order for us to develop our 

understanding of virulence and other key bacterial processes such as metabolism. The 

creation of the transposon mutagenesis library used in this study allows researchers to 

approach mutagenesis in a global and quantitative fashion. Initial studies with this library 

identified genes that are essential for in vitro growth in P. gingivalis. It was found that 463 

genes did not take up the transposon suggesting that they are essential for viability in vitro 

(Klein et al., 2012).

We adapted the technique used in the work of Klein et al., (2012) to help pinpoint and 

identify genes involved in adherence, invasion and survival during in vitro cell based 

assays. By examining differences in the relative abundance of insertion mutants in input 

pools of bacteria and pools of bacteria following interaction with host cells we have firstly 

confirmed the roles of several well characterised genes in these processes (e.g. serB, fimR) 

and identified a number of genes of unknown function of interest for future work. By using 

the screening system we designed here, where many thousands of mutants can be assayed 

in parallel, we have identified a cohort of genes that are worthy of further investigation in 

these processes.

In order to confirm our hypothesis, that the technique could be used to identify genes 

involved in specific processes it was essential that we examine the data for genes whose 

function is already established. A substantial reduction in reads recovered in mutants with 

insertions in serB was observed (Fig 7.4 b).
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Figure 7.4: Diagram showing the location and abundance of insertions, generated using 

Genome View, a) Shows the location and abundance of reads recovered for fimR and fimS 

in the input and output libraries, b) Shows the location and abundance of reads recovered 

for serB in the input and output libraries.
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SerB is a key virulence factor of P. gingivalis and plays a central role in enabling 

dysbiosis. SerB plays an important part in internalisation and P. gingivalis survival within 

cells. When SerB comes into contact with epithelial cells it is secreted, where it has been 

shown to affect the cell signal transduction pathways that play a role in the control of the 

cytoskeleton architecture, by interfering with this architecture it facilitates the invasion of 

P. gingivalis into cells (Hasegawa et al., 2008). For this assay it was expected that we 

would see a reduction in serB reads in the output files. Without a functional serB gene due 

to the presence of the insertion the mutant, the bacterium is compromised in its interactions 

with host cells, and this is reflected in the normalised output/input ratio for serB (-3.76) 

(Table 7.1).

Significant reductions in abundance were observed for members of the //w gene family, 

including//w/?, //wC and fimE (Fig 7.4a & 7.5) and other fimbrial subunits. The fimR and 

fmS gene encodes for proteins which play a role in the fimbriation of P. gingivalis and in 

biofilm formation. They form a two component system that plays a role in controlling the 

expression oifimA through a cascade regulation mechanism (Flayashi et al., 2000). FimR 

also plays a direct role in modulating the expression of the mfal gene, which encodes for 

the short fimbriae of P. gingivalis (Wu et al., 2007). Mutant studies have also shown a role 

for fimS in biofilm formation, as when /zwS' was inactivated in strain ATCC32277 it was 

found to have significantly reduced biofilm forming capabilities compared to the wild-type 

parental strain (Lo et al., 2010).

The fimA gene exhibited a reduction in abundance in the output samples but did not meet 

the 5-fold cut off for significance. The role of fimA has been extensively studied in P. 

gingivalis-, it encodes for the adhesive subunit of the major fimbriae and is required for 

colonization of salivary coated surfaces and the colonization of dental plaque (Levesque et 

al., 2003, Malek et al., 1994). It is also a known adhesin for P. gingivalis and inactivation
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studies have shown that in the absence of a functional gene the ability of the organism 

to adhere to epithelial cells is significantly reduced (Njoroge et al., 1997).

Similarly, fmS did not exhibit a 5-fold reduction in output reads, with only a -50% 

reduction in reads in the output samples. One reason that a more dramatic reduction \x\ fimS 

md fimA reads was not observed could be due to the fact that not all insertions completely 

inactivated the genes, meaning that a functional protein is still expressed despite the 

insertion of the transposon. In the case of fimA, when the position of the Tn insertions are 

mapped using Genome View, it can be seen that most of the sequence reads recovered from 

the output files are positioned at the 5’ or 3’ end of the gene and may not interfere with the 

translation of a functional FimA protein (Fig 7.4 a and 7.5). Similarly, a high proportion of 

insertions in fimS were recovered from the 5' end. Although Tn-Seq is a powerful 

technique, our data suggest that non-inactivating insertions may mask the effects of 

deleterious insertions, which may be a draw back in the use of Tn-Seq to study these types 

of processes. The assay also allowed for us to identify genes of poorly understood or 

unknown function which may play a role in adhesion, invasion and survival in cellular 

assays carried out in vitro. All of these genes had a 5 fold or greater reduction in their 

output reads compared to their input samples. One of these genes, PGN_0378, encodes for 

a putative exopolyphosphatase (PPX). Exopolyphosphatases are a group of enzymes which 

catalyse the hydrolysis of inorganic polyphosphate (poly-P). In many bacterial species 

including Campylobacter jejuni, poly-P is a key regulator of stress responses particularly 

the stringent response which is a regulatory mechanism in response to nutrient limitation 

(Jeon, 2014). These enzymes are also thought to play a role in virulence, in addition to 

their role in poly-P homeostasis. Mutant studies in C. jejuni showed that mutation of ppx 

genes resulted in defective biofilm formation, invasion, nutrient stress survival, invasion 

and intracellular survival (Malde et al., 2014).
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Figure 7.5: Diagram showing the input and output reads for the fitnA gene. It can be seen 

clearly that the insertions in the output files are predominantly located at the 3’- and 5’- 

ends of the gene.
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In P. gingivalis, although no studies have examined the role of exopolyphosphatases, a 

study has been carried out on a polyphosphate kinase (Ppk) which PGN_0378 is predicted 

to interact with (Fig 7.6). Mutations in Ppk were found to affect survivability and biofilm 

formation in P. gingivalis (Chen et al., 2002). Given this knowledge investigation of the 

function of PGN_0378 would be beneficial to our understanding of virulence and the 

bacterium as a whole.

PGN_1347 is a putative TonB dependent receptor exported protein; it clearly showed a 

decrease in output reads (Fig 7.7) and exhibited a normalised ratio of -4.67. TonB is 

important for transport of nutrient across the periplasm. In P. gingivalis it has been 

established that RagA and RagB which are outer membrane proteins associated with active 

transport of protein degradation products (Nagano et al., 2007) and virulence (Curtis et al., 

1999) are also TonB dependent receptors. Analysis carried out in UniProt suggests that 

PGN_1347 may interact with RagA (Fig 7.8), as well as a number of other hypothetical 

proteins suggesting that PGN_I347 may have a similar function to RagA and or RagB. 

Similarly, PGN_I953 also encodes a putative TonB dependent outer membrane receptor 

and also exhibited a greatly reduced normalised ratio (-4.05).

PGN_1611 is a previously uncharacterized protein that contains leucine rich repeats 

(LRRs) and has homology to the internalin protein family found in Listeria 

monocytogenes.
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Figure 7.6: Diagram outlining the potential interactions of PGN_0378, an 

exopolyphosphatase enzyme. An interaction with Ppk was observed among these 

interactions.
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reads in the output samples compared to the input.
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Figure 7.8: Diagram outlining the potential interactions of PGN_1347, a putative TonB 

dependent exported protein. An interaction with RagA was observed among these 

interactions.
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Homologues to intemalin have been found previously in P. gingivalis strain ATCC33277. 

PG0350 was found to be an InlJ type protein which is a cysteine-containing intemalin 

protein (Sabet et al., 2005). Expression of an InlJ homologue was detected after contact 

with host epithelial cells (Chen et al., 2001b). However further investigation showed that a 

mutant of InlJ had no invasion related phenotype (Zhang et al., 2005b). Inactivation of the 

gene was found to reduce mono-species biofilm formation by P. gingivalis. However, the 

same mutation enhanced biofilm formation in the presence of S. gordoni suggesting that 

InlJ plays a nuanced role in biofilm formation by P. gingivalis (Capestany et al., 2006). 

Apart from the studies out-lined here, intemalin homologues in P. gingivalis are a 

neglected group in terms of research. Given the importance of these proteins in other 

bacterial species such as L. monocytogenes (Pizarro-Cerda et al., 2012) establishing their 

role in P. gingivalis would be beneficial in understanding the bacterial as a whole.

The next step will be to inactivate these genes using mutagenesis based methods and to mn 

the individual mutants through the adherence assay in order to provide proof of concept for 

this screening method. This is work that is currently ongoing in the laboratory and if 

successful will prove that this screening protocol can be used to identify a broad range of 

genes involved in specific processes using this methodology. This would allow for the 

rapid identification of targeted candidate genes for mutagenesis, these mutants could then 

be analysed under the specific relevant circumstances to fully establish their function.
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Chapter 8

General Discussion

218



P. gingivalis plays a central role in the development of periodontitis. The pathogen’s 

unique ability to alter the relationship between the host and the microbiota of the oral 

cavity triggers community wide effects which lead to the development of dysbiosis. P. 

gingivalis does not have to be present in large numbers in order for this to occur. Both of 

these traits have earned it the title of a “keystone” pathogen in relation to chronic forms of 

periodontitis (Hajishengallis and Lamont, 2012, Lamont and Hajishengallis, 2015).

In Chapter 1 the wealth of virulence factors that P. gingivalis possesses were described. 

Some of these virulence factors have been found to have wide reaching effects and 

evidence has been presented to suggest that they contribute to the systemic inflammation 

seen in some autoimmune diseases such as atherosclerosis (Saffi et al., 2015) and 

rheumatoid arthritis (Atanasova and Yilmaz, 2014).

The role of HagB and HagC in the pathogenicity of P. gingivalis has been postulated but 

remains to be fully elaborated on. It is well established that both genes are expressed 

during the infectious process under the control of different promoters (Lepine and 

Progulske-Fox, 1996), however whether expression varies between strains has yet to be 

clarified. P. gingivalis has extensive genomic rearrangements between strains which could 

lead to differential expression of these two genes amongst P. gingivalis strains (Naito et 

al., 2008).

It is important that the role of HagB and HagC in the virulence of P. gingivalis is 

elaborated on for a number of reasons. In order to understand how dysbiosis develops, we 

need to fully understand how P. gingivalis virulence factors contribute to the process either 

through their ability to orchestrate specific responses from the host and/or the microbial 

community and this includes establishing the role that HagB and HagC may play in the 

process. There is some evidence to suggest that HagB may contribute to the development 

of atherosclerosis by mediating adhesion to coronary arterial endothelial cells (Song et al.,
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2005). In fact, the role of these genes in mediating interactions with HCAECs has been 

subjected to more intense investigation than their role in interactions with host cells and 

other bacteria in the oral cavity, a disparity that this study aimed to address.

It has previously been established that HagB is highly immunogenic and possesses strong 

potential as a vaccine antigen, which has been discussed in detail previously (Chapter 6). 

However a vaccine cannot be created until the effects of the protein being used have been 

fully studied and established in vitro and in vivo. In addition, evidence supporting the role 

of a vaccine antigen in adhesion and invasion in vitro would support its use as an effective 

vaccine antigen in vivo as antibodies would block colonisation by the bacteria. Several 

haemagglutinin proteins of viruses (influenza virus) and bacteria (Bordetella pertussis) 

have been successfully used as effective vaccines and neutralising antibodies against these 

proteins are postulated to be an important aspect of the protective response (Sato et al., 

1984, Sridhar et al., 2015).

Here we aimed to create the first double bdiagBItshagC mutant in P. gingivalis as well as a 

full panel of single and complemented mutants in order to fully understand how these 

genes contribute to the virulence of the organism as a whole. Using the same plasmid 

which created the previous AhagB mutants (Progulske-Fox et al., 1995) we created AhagB 

mutants in strain W83 (ECMIOO) and strain ATCC33277 {AhagB ATCC33277). In order 

to successfully create a AhagB!AhagC mutant in any strain of P. gingivalis hagC has to 

first be fully removed from the genome; this is in order to prevent a double disruption 

event of both hagB and hagC that can occur when using plasmid pJW 1 to interrupt hagB 

(Chapter 3, Fig 3.6).

We designed a hagC deletion cassette for both strain W83 and ATCC33277 in order to 

facilitate the creation of a double hagB/hagC mutant in both strains so that a fimbriated 

and non-fimbriated strain could be compared to one another. However, on transformation
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only strain W83 yielded succesful transformants despite multiple attempts in strain 

ATCC33277. This could be because hagB and hagC have differential roles and value in 

the individual strains of P. gingivalis as suggested by our data. We clearly demonstrate that 

hagB is not essential to either strain but that hagC may be essential to strain ATCC33277.

Due to the fact that hagC may be essential in strain ATCC33277 we were unable to create 

a AhagB/AhagC mutant in this strain. However, we successfully generated this mutant in 

the faster growing, robust strain W83. This was achieved by first deleting hagC from the 

genome and subsequently interrupting hagB with plasmid pJW 1. This prevented the double 

disruption event discussed previously and allowed us to confirm that in this strain neither 

of these genes are essential, a fact that is further supported by the ability of pJWl to 

recombine with both genes and remove the majority of the locus from the genome of W83 

(Chapter 3, Fig 3.6).

This is not the first time that variations in the ability of P. gingivalis strains to cope with 

the removal of these genes have been reported. In strain Pg381 it has been shown that 

unlike ATCC33277, single mutants of each gene can be created (Lepine et ah, 1996). 

However to date no successful double mutant has been made in this strain. This further 

supports the theory that the essentiality of these genes varies depending on strain type. 

Strain W83 is robust enough to survive mutation of both of these genes whereas strain 

Pg381 can tolerate the mutation of either hagB or hagC, and strain ATCC33277 only 

tolerates mutation of hagB. This could be due to the previously mentioned genomic re­

arrangements in these strains, which could generate variation that influences bacterial 

survival post-transformation. Strain W83 is a faster growing strain in vitro compared to 

ATCC33277 and Pg381 and this may be due to more efficient mechanisms of haem 

uptake, resulting in a strain that may better tolerate mutagenesis of haemagglutinins.
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The presence of variant sub-populations within a strain may also influence the outcome of 

mutagenic studies, as mutagenesis may only be possible in variant sub-populations that 

express characteristics required for survival in the absence of the gene in question. 

Proteomic differences between the strains may also influence outcome. Strain W83 is a 

non fimbriated strain of P. gingivalis, whereas both Pg381 and ATCC33277 possess 

fimbriae. It could be that fimbriated strains possess weaker cell-surface associated 

haemagglutinin activity, as fimA itself contributes to haemagglutination. While these 

strains can survive in the absence of the fimA gene, it appears that hagB and/or hagC may 

be essential for haem acquisition in these strains. In non-fimbriated strains it is possible 

that in the absence of fimbriae, other mediators of adhesion and haemagglutination are 

expressed to compensate, such as the gingipains (Chen and Duncan, 2004). This could be 

examined further by examining if hagB and hagC could be removed from a second non- 

fimbriated strain of P.gingivalis, such as strain W50.

All of the mutant strains displayed altered phenotypes compared to WT in a number of

areas, including pigmentation, adhesion, invasion, biofilm formation and immuno-

stimulation. In particular strain ECM233 and GMCIOO gave unexpected results. The most

apparent of these phenotypic differences was seen in pigmentation on solid media and all

of the mutant strains displayed some degree of defect (Chapter 4 Fig 4.1). The single

mutants including strain GMCIOO were a light shade of brown/green while the strongest

defect was seen in strain ECM233 which was cream in colour. The appearance of these

mutants is similar to that described in gingipain and hagA mutants (Shi et al., 1999). Our

AhagB/A.hagC double mutant produced colonies similar to those observed when a triple

gingipain mutant was examined by Shi et al (1999) This highlights that hagB and hagC

may be as important to the process of haemagglutination as members of the gingipain

family. It also indicates that hagB and hagC are potentially co-expressed under the

examined conditions and that they act together to facilitate haem acquisition. Our findings
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highlight that in strain W83 hagB and hagC are of equal importance in haem acquisition to 

rgpA, kgp and hagA. The data also indicate that the capacity of P. gingivalis to acquire 

haem would have been significantly enhanced after the gene duplication event which 

created the hagB/hagC locus. This is likely to have been an important evolutionary event 

which would have coincided with the expansion of the gingipain family. The work 

presented here also firmly disputes the theory that rgpA, kgp and hagA are the sole 

mediators of haemagglutination in P. gingivalis, as this study demonstrates a substantial 

role for hagB and hagC in this process, which is backed by previous studies carried out in 

single mutant strains (Lepine et al., 1996).

Our qPCR data also exemplifies the importance of hagB and hagC. Our data shows that

rgpA and rgpB are steadily expressed in wild-type W83 and the single hag mutants but not

in strain ECM233 (Chapter 5, Fig 5.17). The single mutants retain a similar level of well

controlled expression compared to WT however in the bAiagB!l^hagC mutant gene

expression becomes deregulated. Although we have only examined the expression of a few

candidate genes it is likely that other changes in gene expression are present in this strain

that might account for the aberrant increased adherence and the increased immunogenicity

observed in strain ECM233. There are two possible explanations for the changes in gene

expression and the apparent gain of function in adherence and immunogenicity. Firstly,

this may be a direct response to the stress of haem starvation associated with deletion of

both hagB and hagC. However complementation with hagB in GMClOO, which restored

pigment production and therefore haem acquisition, did not alleviate this expression

pattern or the hyper-adherent phenotypes of the double hagB/hagC mutant. If this was a

transient response to haem starvation, restoration of hagB to the genome would have

reversed it, which suggests that in this case the observed phenotype may be the result of a

stable, heritable modification in the strains themselves. Alternatively, the mutant may have

been generated in a background where gingipain expression was deregulated. Such a
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phenomenon has already been described where rgpA is one of the genes that exhibited 

variable expression in bi-stable populations of P. gingivalis. Conceivably, this could result 

in sub-populations of cells that might tolerate some mutations better than others and our 

AhagB/AhagC mutant may have been generated in such a bistable sub-population. Whole 

genome transcript profiling of the mutants might possibly reveal if selection of a variant 

subpopulation has occurred during mutant construction.

Further studies were carried out to determine if hagB and hagC contribute to the ability of 

P. gingivalis to adhere to and invade an oral epithelial cell line, an aspect of their function 

which has been neglected. Two important discoveries were made during this part of the 

study, one in strain ATCC33277 and one in strain W83.

Strain W83 is reliant on non-fimbrial adhesins such as the gingipains for attachment 

(Kesavalu et al., 2003). The findings of this study showed that as with haemagglutination, 

hagB and hagC are central to the adherence process. Removal of either hagB or hagC had 

a significant impact on the ability of P. gingivalis strain W83 to adhere to epithelial cells 

which is either directly due to mutagenesis or is an indirect effect of the mutagenic process 

as discussed in chapter 5. Although the role of HagB in mediating adherence to HCAECs 

has been described, this is the first study to implicate these proteins in mediating adherence 

to oral cells. The second important discovery relates to strain ATCC33277, a fimbriated 

strain of P. gingivalis. In this study we compared the wild-type ATCC33277 strain to a 

hagB mutant, constructed in the current study and a previously studied fimA mutant 

(Chapter 5). Previous work carried out on the fimA mutant has highlighted that this protein 

makes a large contribution to the adherence capabilities of the bacterium (Njoroge et al., 

1997). Here we found that removal of hagB from the ATCC33277 genome also had a 

substantial affect on the ability of the organism to adhere to H357 cells. When hagB was 

interrupted it was found that there was a ten-fold decrease in the ability of the strain to
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adhere to H357 cells. Deletion offimA also had a significant effect, confirming the work of 

previous studies carried out on this gene. These data indicate that the process of adherence 

in this strain is multi-factorial, involving both flmbrial and non-fimbrial adhesins. 

Adherence in this strain may be a two stage process with both FimA and HagB playing 

important roles (Fig 8.1). It is clear that FimA plays an essential role in mediating 

adherence to H357 cells, the data presented here highlights that HagB may play a role in 

stabilising this interaction. Alternatively the phenotype seen in the hagB mutant is due to 

an indirect effect caused by mutagenesis (Fig 8.2).

Given the affects seen in adhesion and invasion it was hypothesised that not only host cell 

interactions would be affected but that potentially interactions with other microbial species 

would be altered. For this reason biofilm studies were carried out which highlighted a role 

for the hag genes in both mono and multi-species biofilms. When grown in mono-species 

biofilms it was found that ECM200 and ECM233 had a significant defect in the ability to 

form single species biofilms when compared to the WT strain, with the most significant 

reduction been seen in strain ECM233, as emphasised by CFSE staining. Our data 

indicates that in the absence of both genes strain ECM233 has a reduced capacity to bind to 

itself, a fact which was previously unknown.

One of the most significant findings was the role of hagC in biofilm formation which is a 

novel finding. In a multi-species model the importance of hagC in maintaining a biofilm of 

P. gingivalis, S. mitis, F. nucleatum and A. actinomycetemcomitans was shown. There 

were no differences in the overall species composition of each of the biofilms (Chapter 5 

Fig 5.11) however when the biomass of each of the biofilms was examined it was shown 

that multi-species biofilms incorporating strain ECM200 had a statistically significant 

reduction in biomass when compared to the other strains. It is difficult to postulate exactly 

why these biofilms exhibited such a reduced biomass, but this could indicate a role for
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HagC in interspecies co-aggregation. HagC may also be involved in interspecies 

communication and could stimulate the production of adhesins or polysaccharides by other 

bacteria in the biofilm, although more extensive studies are required to determine this.

This study has highlighted several new important findings about the biology of P. 

gingivalis. Firstly the results of the work carried out here indicate that HagB and HagC are 

essential to the pathogenicity of P. gingivalis, with multiple roles. We clearly demonstrate 

a role for them in nutrient acquistion as haemagglutinins, adhesins and a previously 

unknown role in biofilm formation. The data also suggests that a number of our mutants 

have been selected out from a sub-population of P. gingivalis which has a more robust 

survival phenotype; this is particularly true in strain ECM233. The presence of these bi­

stable populations in P. gingivalis will directly impact mutagenic studies. These sub­

populations are naturally present prior to mutagenesis; however it may be that during the 

process of deleting or interrupting a gene that populations that are better able to survive the 

transformation process are selected in these experiments. These data indicate that it is 

essential that we characterise P. gingivalis populations in detail so that the pre-existing 

genetic traits of these sub-populations can be established prior to mutagenesis. This would 

allow us to identify if such selection has occurred and for the affects of bi-stability to be 

taken into account when analysing subsequent data. Efforts have been made previously to 

understand the dynamics of the P. gingivalis populations (Suwannakul et al., 2010) but 

further genetic analysis of wild type strains and any mutant strains that have been created 

in their background would allow for a deepening of this understanding.

Studies have indicated that in vivo there is also high intra-individual heterogeneity in the P. 

gingivalis population (Enersen, 2011), potentially highlighting the presence of bi-stable 

populations in vivo within the oral cavity, where certain genes will be expressed 

differently. This raises interesting questions about the immunogenicity of various virulence
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factors and their potential as vaccine antigens (Jong and van der Reijden, 2010). A key trait 

of a vaccine antigen is that it the molecule is always present in the pathogen in order to 

stimulate the immune response and to be targeted by T-cell and B-cell responses.

The presence of a bi-stable population needs to taken into consideration during vaccine 

design as variation in expression of an antigen could mean that a small sub-population of 

bacteria without the antigen can still infect and trigger the development of disease. In the 

case of HagB, current data suggests that the gene is present in all strains and constitutively 

expressed, indicating that it might be a good vaccine candidate. One approach to determine 

whether immune responses to HagB are present in patients with chronic periodontitis 

would be to examine antibody levels in GCF and serum. It would be interesting to correlate 

these data with the presence of the microorganism, the clinical parameters of the infection 

and whether a strong antibody response was associated with reduced rates of recurrent 

infections.
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0 pi integrin 

o HagB

Figure 8.1: Diagram outlining a two stage model of adherence in P. gingivalis. (a) Stage 1 

of the interactions is a long range interaction mediated by the FimA subunit of the major 

fimbriae interacting with pi-integrins present on the surface of epithelial cells, (b) Stage 2 

occurs after the bacteria has moved closer to the cells and is a short range interaction 

mediated by HagB and an unknown receptor which acts to stabilise the interaction between 

the bacterium and the host cell surface.
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(a

Figure 8.2: Diagram showing the indirect effects that mutagenesis may have, (a) The 

development of a compensatory seeondary mutation (red) after the primary mutation is 

introduced (yellow), (b) Mutagenesis can affect the bacterial epi-genome leading to 

changes in bacterial epigenetics such as alterations to methylation patterns, (c) 

Mutagenesis may interfere with sRNA molecules and as such RNA regulatory. This will 

affect key processes where sRNAs play a role such as 1. mRNA processing and 2. sRNA 

protein binding involved in genomic transcription regulation.

229



Another aspect of this study was the development of a transposon mutagenesis library 

based screening process to help identify genes that play a role in the process of adherence, 

invasion and survival under certain conditions. We demonstrated the utility of this 

approach, as a number of expected genes showed a significant reduction in abundance in 

the output samples. We are currently creating mutant strains in genes of interest which 

showed a 5-fold or greater reduction in out-put sequencing reads compared to input 

sequencing reads. If successful it will serve to highlight how screening a transposon 

mutagenesis library through an assay or experimental set-up allows for rapid identification 

of genes which may be involved in the process being examined. This would have a 

significant experimental impact, as it would allow for mutagenic studies to become more 

precise, as well as allowing for our knowledge of poorly understood genes or genes of 

unknown function to develop. In our study we have identified several candidate genes that 

may be involved in stress responses, nutrient acquisition and a gene with homology to 

internalin that could play a role in cellular invasion.

Overall we have demonstrated a clear and concise role for hagB and hagC in the virulence 

of P. gingivalis. We have successfully identified a specific role for hagC in the formation 

of the multi-species biofilm. Our data suggests that bi-stable populations within P. 

gingivalis influence the outcome of mutagenesis and that this needs careful consideration 

when carrying out gene deletion experiments, as these sub-populations have stable 

heritable traits which will influence data. We also developed a rapid screening process 

which will allow for targeted mutagenesis studies in the future that can identify genes 

which are relevant to the process being investigated.
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