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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 under 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 7agC mutant and the double mutant had impaired mono-species biofilm formation.
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The data also indicated an important role for sagC 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 AhagB/AhagC double mutant have been unsuccessful. In this
study, both hagB and hagC were deleted to create the first AhagB/AhagC 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



AhagB/AhagC double mutant also elicited higher levels of IL-8 and MIP1p from THP-1
cells, despite removal of these major surface antigens. Examination of gene expression in
the AhagB/AhagC mutant using quantitative Real-Time polymerase chain reaction (qQPCR)
indicated deregulated expression of the gingipains rgp4 and rgpB, which was not
complemented by the re-addition of hagB. We hypothesise that the AhagB/AhagC 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

AhagB/AhagC mutant have not been successful.

In conjunction with the work carried out on the role of 2agB 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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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
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TLR2-Mal-PI3K pathway inhibiting phagocytosis (Hajishengallis,

1.7: P. gingivalis SerB prevents the phosphorylation of p65, a key mediator in the NF-xB

pathway. This prevents p65 translocating to the nucleus and activating transcription of

1.8: P. gingivalis prevents the transcription of chemokines associated with Th-1 cells,
ICAP-10, MIG and ITAC by inhibiting STAT1 and preventing the activation of the
transcription factor TRIF-1.... . .....c.vicuion icianimsmesbonssninnsonarassbusssmssnasase spanearesousagshesssissssnonsnasin 27

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 7. denticola which the non-
motile L. sabburneum uses to adhere to /i
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1.10: Phylogentic analysis of HagA-HagE in two strains of P. gingivalis (Strain
ATCC33277 and W83). Homology and phylogenetic distances were determined using
OISR i e e P R ot S T A s S e A el A ot P b b e 35
5

1.11: The hagB and hagC locus in strain W83 of P. gingivalis showing that the two genes
are located chromosomally close
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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

IO BEQRBIICE 1xvisvemirnssirivisrsiosminsmanswhbrasmsinasssssss s un adar issos Siamieaaw oams Sbs dandanan e S aaii s 7R354 38

1.13: Image taken from the Artemis comparsion tool (ACT) software package which
allows comparison of genomic synteny and homology. 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
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3.1: a) Diagram showing the positions of the primers used to confirm the junctions of the
ErmAM-ErmF cassette 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. 1) 1 kb ladder 2) no template control (HagBIF and ErmIR) 3-4) pJW1
transformant 1 (HagBIF and Erm1R) 5-6) Wild type DNA (HagBIF and ErmIR) 7) empty
8) no template control (ErmIF and HagBIR) 9-10) pJW1 transformant 1 (ErmIF and
HagBIR) 11-12) Wild type DNA (ErmIF and

3.2: Diagram showing the construction of phagCA, which was used to delete 2agC 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 (RAHC1) was
then ligated into pBSTetQ to give pBSTetQHC1. Into this plasmid the region adjacent to
the 3° end of the hagC gene was then ligated to give plasmid

3.3: a) Diagram showing position of primers used to confirm the integration of zetQ 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 #agC transformants, as well
as the presence of zetQ. 1) 1Kb ladder 2) blank 3) no template control 4) blank 5) ECM200
DNA screened using HC1 _IF and HC1_IR. 6) ECM200 DNA screened using HC2_IF and
HC2 IR 7) ECM200 screened for the presence of fetQ, using TetQF and

3.4: Map of the chloramphenicol resistance cassette used to reintroduce the hagB gene in
strain in ECM233 to generate GMC100. Only relevant restriction sites mentioned in
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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. ¢) 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 3100bp) 8) ECM233 screened with
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DKOCFP and DKOCRP (expected product of 4600

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 pJW1 recombination that occurred during the event

where the plasmid integrated with the 5° region of the hagB gene and the 3’ region of the

3.7: a) A 0.8 % agarose gel confirming the presence of hagB in AhagB complemented
mutants 1) 1 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 AhagB complemented mutants. 1) 1 kb ladder 2) negative control 3)

positive contiol. 4-9) screenid TasIOTMANT. .....coviswmrsciss satvermsises rmsessasssssimsnstss saemasss 94

3.8: a) Diagram showing that at ODgy of 0.7 under haemin rich conditions hagB is
expressed. b) There was a statistically significant difference between WT and strain
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3.9: a) Expression levels of hagC after growth in sTSB to ODgy of 0.7 b) There was a

statistically significant difference between strain ECMI100 and all other mutant

Chapter 4

4.1: Image showing the pigmentation differences between WT W83 and mutant strains

when grown on sTSA anaerobically at 3EC for 4

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

4.3: Graph showing a comparison of growth rates between WT W83 and mutant strains of

P gingivalis. Doubling times in hr are shown
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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 ECM100, ECM200 and ECM233 grown to either O.Dgpo 0.4 or 0.6 in.

4.5: Results of stress sensitivity testing of WT W83 and mutant strain ECM233 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
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Chapter 5

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 that can be carried out to determine if there are 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
i Pl LT s e e R 0 SR e S S I A e i ton 1 137

5.2: a) Levels of adherence of P. gingivalis WT W83, ECM233 and DKO3 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 UNAEr theSE CONAITIONS. ... ..vvvtereeeeeeeeeeeeeeeeeeeeeererereeereesseeeseaaesaessennans 140

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-
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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 CONAITIONS. .......ueeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeereeeeeeneeaas 142

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
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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
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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
e s L@ 10 VIR R O L SO S R0 S e e e e e 146

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
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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
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intensity are visible between WT compared to strain ECM200 and
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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. gingivaiis WT and those containing strain ECM200.

Data are mean + SEM of 3 independent biofilms per group. ***
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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
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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 ODgy of 0.7 and b) Expression levels of kgp
after growth in STSB to an ODgg of 0.7. Student t-testing was performed to compare WT
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5.13: Expression levels of hag4 in WT W83 and mutant strains grown to an ODggg of 0.7
in sTSB. 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
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5.14: Expression levels of rgpA in P .gingivalis strains grown to an ODgg of 0.7 in sTSB..
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. GMCI100 (p-value
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5.15: Expression of rgp4 and rgpB in P. gingivalis strains were examined after growth on
sTSA a) rzpA expression levels. There was no statistically significant difference between
the strains. b) rgpB expression levels. There was no statistically significant difference

between the
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5.16: Expression levels of kgp in P .gingivalis were assessed after growth on sTSA. On
analysis using an unpaired students t-test it was found that there was a statistically
significant  difference between strain ECMI100 and GMCI100 (p-value of
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5.17: Expression levels of hagA in P. gingivalis were assessed after growth on sTSA. On
analysis using an unpaired students t-test it was found that there was a statistically
significant  difference between strain ECM233 and GMCI100 (p-value of
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Chapter 6

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

6.2: Mip-1pB 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
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6.3: a) Levels of Mip-1p 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
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6.4: a) Levels of Mip-1 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
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Chapter 7

7.1: In vitro model of host cell interaction outlining the methods used in both the adherence

and invasion Tn-Seq SCTEENING ASSAYS.......ccereeruerrrererrieeereeneeeesateeessestsssessessaesessssesnne 194

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
[llumina  sequencing. = The  generated sequences then  underwent  data
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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-

NOTIAMBAROI. I et BRl o s e e A TS s & 5 33 kim0 RSy e 5 ST 201

7.4: Diagram showing the location and abundance of insertions, generated using
GenomeView. 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
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7.5: Diagram showing the input and output reads for the fimA gene. It can be seen clearly

that the insertions in the output files are predominantly located at the 3’- and 5°- ends of

7.6: Diagram outlining the potential interactions of PGN_0378, an exopolyphosphatase
enzyme. An interaction with Ppk  was observed  among  these
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7.7: Diagram showing the location and abundance of sequence reads in input and output
library reads for PGN_1347. It can be seen that there is a substantial reduction in reads in

the output samples compared to the Input SAMPIES.......cccvevveeriieiriierieriirieee e 215

7.8: Diagram outlining the potential interactions of PGN 1347, a putative TonB dependent
exported protein. An interaction with RagA was observed among these
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Chapter 8

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 B1-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
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8.2: Diagram showing the indirect effects that mutagenesis may have (a) The development
of a compensatory secondary 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. sSRNA protein binding
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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 al., 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).
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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-1a) 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
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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
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continuously researched and resulted in the elucidation of Socransky’s complexes which

include bacterial groups that are linked to periodontitis (Socransky et al., 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
7



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).
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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 (Do 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
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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
al., 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
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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), B-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 al., 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.
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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).



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).



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). /n 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 7. 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 vifro 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 MyD88 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
1s 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-«xB signalling pathway.
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By targeting the S536 residue of p65, which is a subunit of NF-xB, the translocation of this
subunit to the nucleus and thus the transcription of the /L8 gene is prevented (Fig 1.7)

(Takeuchi et al., 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. 7. denticola inhibits IL-8 production through its own novel
mechanism. 7. denticola acts very specifically to prevent internalised F. nucleatum fusing
with lysosomes which may inhibit TLR based responses (Shin et al., 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-10/CXCL10),
“monokine induced by gamma interferon” (MIG/CXCL9) and “interferon-inducible T-cell
alpha chemo-attractant™ (I-TAC/CXCL11). 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

Bengtsson, 2012). .
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Figure 1.7: P. gingivalis SerB prevents the phosphorylation of p65, a key mediator in the

NF-xB pathway. This prevents p65 translocating to the nucleus and activating transcription

of IL8

25



As with IL-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
Th17 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-1 based immunity and
encouraging the development of a Th-17 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-17
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 STAT1 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 shown 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 carly 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 [htB 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 Lachnoanaerboculum
sabburreum to T. denticola which is highly motile. By coating 7. 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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T. denticola L. sabburneum adherin
. - . 5 g
P. gingivalis coated in OMVs to OMVs

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 7. denticola which

the non-motile L. sabburreum uses to adhere to 7. 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 1 (major) fimbriae which is encoded for by the fim4 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 B1-integrin leading to
re-arrangements in the actin cyto-skeleton (Yilmaz et al., 2002, Yilmaz et al., 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 al., 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 al., 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 al., 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 al., 2008).

P. gingivalis can also prevent mitochondrial based apoptosis. The organism is capable of
preventing the release of cytochrome C, a key mediator in the initiation of mitochondrial
apoptosis (Yilmaz et al., 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 al., 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 al., 2006).

P. gingivalis has well established proteolytic activity through its gingipains. The
maturation of the gingipains is dependent on the POR 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, hagd — 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.

34

TN,



—— HagAWs83
- HagA ATCC33277

HagD W83
—1 E 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.
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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 7. denticola. One study has
shown that the interactions of P. gingivalis with other bacterial species, such as 7.
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 hagA4 (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 sag genes. They
were first identified in 1995 (Progulske-Fox et al., 1995). They encode proteins that are
98.6% 1identical 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 al., 2013).
Another study demonstrated a role for c/pB in hagB expression. Mutant studies showed
that in the absence of clpB, hagB was found to be downregulated. The c/pB mutant was
also found to be less capable of invasion that the WT strain (Yuan et al., 2007), an affect
that the down-regulation of ~agB 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 al., 2008).
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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.
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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.
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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 pl 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 (HBD3) 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 HBD3
attenuates the production of interleukin -6 (IL-6), interleukin-10 (IL-10) and granulocyte
macrophage colony stimulating factor (GM-CSF). This binding was also found to attenuate
the ERKI1/2 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 HBD3 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 (MYDS88) was
found to play a role in shaping the T-cell response to rHagB, while TIR domain containing
adaptor inducing interferon B (TRIF) 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
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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 hagB/hagC 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 hagB/hagC 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 common 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 al., 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:

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

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

e 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 pJW1 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 Sackler 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/l yeast extract (Sigma-Aldrich, Co. Wicklow, Ireland), 0.50
g/l 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 AagB 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

ECM100 AhagB::ErmF W83
ECM200 AhagC::TetQ W83
ECM233 AhagB::ErmF, AhagC::TetQ | ECM200
DKO3 AhagB::ErmF, AhagC::TetQ | ECM200
GMC100 hagB::cat ECM233

P. gingivalis ATCC33277 | hagB/hagC n/a

(AhagB) ATCC33277 AhagB::ErmF ATCC33277
(AfimA) ATCC33277 hagB/hagC ATCE33277
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For broth cultures supplemented Tryptic Soy Broth (sTSB) containing 5 g/l yeast extract
(Sigma-Aldrich), 0.50 g/l 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 XL10-gold (endA1 gIinV44 recAl thi-1 gyrA96 relAl lac Hte A
(mcrA) 183 A (merCB-hsdSMR-mrr) 173 tet® F'[proAB lacl%ZAMI15 Tnl0 (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 /acZ gene). Transformed cells were

selected onto Luria Bertani X-gal (LX) plates.

LX plates were made from 500 ml LB agar containing 200 pl of X-Gal (Sigma-Aldrich)
from a 100 mg/ml stock, 500 pl ampicillin (Sigma-Aldrich) from a 100 mg/ml stock and

100 ul 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 (HCIl) (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 HCI

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 synthesized 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 uM.

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 cultures, 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 2.2: Characteristics of PCR primers used in this study

Primer Sequence (cut sites underlined ) Amplicon length (bp)
HagBIF ATATTGGAGGTATCCGTACCT 922
ErmIR GCTATCTTTGCTTTATTGTC 922
ErmIF TTTCATCCTTCGTAGTTCAAAG 2500
HagBIR GCATTTTCTTACTTGCGTC 2500
HC1 IF CAATAGTATTGTTGTGCCAG 1200
HCI IR CTATATCCATAGAGTCCGTTATG 1200
HC2 IF CAGCTGACCCCTTATGTCTTCA 1200
HC2 IR ATTATAGCGGAGGGAAATTGCT 1200
TetQF GGGGGATCCGGGGGGAAATACTAAATGC 2700
(underlined: BamHI)
TetQR GGGACTAGTAGCTCGTCTATTTTTTTATT (underlined: Spel) 2700
HagCF1 GGGCICGAGACCTGCAGAGTATGTA (underlined: Xhol) 313
HagCR1 GGGAAGCTTTTTGAATTAAGGGGTTAAGTC 313
(underlined: HindIII).
HC2 F GGGICTAGAAAGGAGGCAGCAGTAGCGGCG 411
(underlined: Xbal)
HC2 R GGGGCGGCCGCTTCACGGATTATCCCTTTTA 411
(underlined: NotI)
DKOBFP CAGGAAGCCGTTGTCACG WT: 2100
ECM233: 4400
DKOBRP ATCTCTGGCAACAACATTGGGATAG WT: 2100
ECM233: 4400
DKOCFP GCCGATCTTCGAAATTCCAAG WT: 3100
ECM233: 4600
DKOCRP AGAGCGTTCACCGATTAT WT: 3100
ECM233: 4600
HagsF1 GCTTTCGACGAGGACAGCCAG 275
HagsR1 GCCTTCACGTCATATTTGCCTCG 275
ATCCHagC2F | GGGCGGCCGCTACACACCTGTTCATGACCGTACGCTA 300
(underlined: NotI)
ATCCHagC2R | GGGTCTAGACACAGGCAACCGAGTATAAAAGAC 300

(underlined: Xbal)
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Table 2.3: Primers used in qPCR experiments

Primer Sequence Amplimer R~ Reference

(5°-3%) Lenght (bp)
16SIRNAF | AGGCAGCTTGCCATACTGCG 404 0.9967 | (Dou et al., 2010)
16STRNAR | ACTGTTAGCAACTACCGATGT 404 0.9967 | (Dou et al., 2010)
HagA F GTGGTAGAGGCCGGTAAGACTTATCA | 312 0.9995 | (Dou et al., 2010)
HagA R CGTCACCTGTATGAGTAGCAGTG 312 0.9995 | (Dou et al., 2010)
Kgp F AATACGCCGGTTCGTATGCT 226 0.98 (Hiratsuka et al., 2008)
Kgp R TGTCACCAACCAAAGCCAAG 226 0.98 (Hiratsuka et al., 2008)
RgpA F TCAAGAACAATCTCGGCCTGACCG 275 0.9962 | (Hiratsuka et al., 2008)
RgpA R 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)
HagB F GACTGTAGAAAATTTGCGTCTGCAGC | 205 0.9976 | n/a
HagC F GAAATTTTCTCGTTTTCCC 198 0.9973 | n/a
HagS R 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 dsSDNA 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 pl volume of DNA or RNA was subsequently loaded onto the
Nanodrop spectrophotometer stage and the concentration of nucleic acids was quantified in
ng/ul 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/l Trizma Base (Sigma-
Aldrich), 2.75 g/l 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/l in order to fluorescently 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 from 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 pl volume of Green/Blue loading dye (Promega) and 5 pl of sterile water (Sigma-
Aldrich) were added to 5 pl 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.

54



All gels were imaged on an Alpha Imager Mini (Alpha-Innotech 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 pl of breaking buffer (2 % Triton X-100, 1%
Sodium dodecyl sulphate, 10 mM Tris-HCI (pH 8.0), I 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 pl 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 pl 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 XL10-gold (endA1 glnV44
recAl thi-1 gyrA96 relAl lac Hte A (mcrA) 183 A (mcrCB-hsdSMR-mrr) 173 tet®

F'[proAB lacl?ZAM15 Tn10 (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-
centrifuge tube (Eppendorf) and centrifuged at 13,000 x g for 2 min in a bench top
centrifuge (Eppendorf). 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 pl volumes containing 1 X of the appropriate buffer, 2 ul
of each of appropriate enzymes (5-10 U/reaction), 2 pul 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 pUC19 phagemid digested with the
appropriate restriction endonucleases. Ligation reactions were carried out in a 20 pl
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

2.2.86:1 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 (ODsso 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 MgCl, 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 CaCl, buffer (60 mM CaCl,, 10
mM PIPES, 15% glycerol). This cell suspension was again pelleted by centrifugation and
re-suspended in 20 ml ice-cold CaCl, 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 ODggo of 0.1. Broths were incubated at 37°C anaerobically until culture reached a
final absorbance of 0.55-0.65 at ODgg. 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 pl aliquots and stored at -80°C.

2.2.9 Bacterial Transformation

2.2.9.1 Transformation of E.coli

For each transformation a 200 ul 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 of P. gingivalis

For each transformation, a vial containing 100 pl 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, Hemel Hempstead, Hertfordshire HP2
7DX) minipulser and electroporated using the following settings: 2.5 kV, 400 Q2 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 pl 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/ul 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 (MgCl,), 2.5 U Taq DNA Polymerase (Promega), 2.5 pl
(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 pl. 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 pl reactions using 1 X Fast SYBR Green PCR Master Mix (Applied
Biosytems), 150 nM of each oligonucleotide primer, 1 ul 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 Cycle
(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 constant 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 hAagB 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 Bg/Il (Promega)
overnight as per 2.2.3. Digests were run on a 0.8 % agarose gel alongside 5 pl of ‘DIG-
labelled molecular weight marker 11" (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 (HCI) 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 (Whatmann, 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 (Thy) Was calculated based on the melting point of the probe-

target hybrid (Ty,) using the formulae below.
Tm=49.82 + (0.41 x % GC of probe) — 600/lenght of homology in bp

Tuyp= 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 pl 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 Thyp 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 pl 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, c¢/o 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 sSTSB to an ODgy 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 % (Vlv)
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 pl volume of RLT Buffer (Qiagen, West Sussex, UK) containing 1% (v/v) of B-
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 pl volume of Buffer
RWI1 (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 pl 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 x g 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
ul 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 pl volume of TURBO DNase Buffer (Ambion, Life
technologies, USA) and 1 pl 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 ul 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 uM Random hexamers
(Promega) and sterile water up to 10 pl. 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% CO, at 37°C (Sanyo CO; 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 Hydrocortisone
(Sigma-Aldrich), 10 ng/ml Cholera toxin (Sigma-Aldrich), 5 pg/ml Insulin (Sigma-
Aldrich), 200 IU/ml penicillin (Sigma-Aldrich), 200 pg/ml streptomycin (Sigma-Aldrich)
and 5 pg/ml fungizone (Sigma-Aldrich) in T-75 flasks (Corning). 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
10ul volume of Trypan Blue was added to a sterile micro-centrifuge tube (Eppendorf); to
this a 10ul volume of cell suspension was added. A 10 pl 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:

dilution factor

Cells/ml = Total cells counted x x 10,000 cells/ml
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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 al., 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

al., 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 al., 2010, Smalley et al., 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 Amu operon and regulated by environmental levels of iron

(Olczak et al., 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, hagd - hagE. They have
varying levels of homology to one another, with hagA4 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 al.,
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 al.,
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 al., 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 agB 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 #agB 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 sagB 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 2agB 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 pJW1 was used to disrupt the hagB gene of P. gingivalis. Plasmid pJW1 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 pJW1 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 HagBIR (Fig 3.1 a) with an expected amplicon size of 2500 bp. Transformants were
subsequently analysed by DNA sequencing which confirmed the 4hagB genotype in the

derivative of strain of W83 which was subsequently termed strain ECM 100

The same method and cassette that were used to make strain ECM100 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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Figure 3.1: a) Diagram showing the positions of the primers used to confirm the junctions
of the ErmAM-ErmF cassette 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. 1) 1 kb ladder 2) no template control (HagBIF and ErmIR) 3-4) pJWI
transformant 1 (HagBIF and Erm1R) 5-6) Wild type DNA (HagBIF and ErmIR) 7) empty
8) no template control (ErmIF and HagBIR) 9-10) pJW1 transformant 1 (ErmIF and

HagBIR) 11-12) Wild type DNA (ErmIF and HagBIR)
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3.2.2 Creation of #agC 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 BamHI and Spel

enzymes and ligated to BamHI/Spel digested pBlueScript, to generate pBSTetQ.

A 313 bp region adjacent to the 5° end of hagC (RAHC1) was amplified with HagCF1 and
HagCR1. The PCR amplicon was digested with enzymes X#ol and Hindlll and ligated to
XhoVHindlll digested pBSTetQ, to generate pPBSTetQHCI1. 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 Xbal and Nofl and ligated into Xbal/Notl digested
pBSTetQHC1 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 ECM200 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
HC1_IF is located upstream of hagC and the tetQ insertion site and in conjunction with
HC1_IR which is located within the fetQ gene (Fig 3.3 a) would be expected to generate an
amplicon of 1200 bp following correct insertion of the cassette. Similarly, primer HC2_IF
which is located within fetQ, when used in conjunction with primer HC2_ IR, 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 terQ 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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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; rerQ was
ligated in first to give pBSTetQ. The region adjacent to the 5° end of hagC (RAHCI) was
then ligated into pBSTetQ to give pBSTetQHCI. 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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Figure 3.3: a) Diagram showing position of primers used to confirm the integration of terQ
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 fer(Q). 1) 1Kb ladder 2) blank 3) no template control 4) blank 5)
ECM200 DNA screened using HC1 _IF and HC1 IR. 6) ECM200 DNA screened using
HC2_IF 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 ECM200. Post construction of ECM100 and ECM200 plasmid
pJWI1 was transformed into ECM200 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 (car/) was generated using fusion PCR.
This fusion product was digested with EcoRI and Hindlll and ligated to pBlueScript 11
which already contained the downstream sequences of the tnad gene on a Hindlll/Xhol
fragment. A Sacll/Notl fragment from phagB containing the entire hagB gene plus
upstream sequences was ligated upstream of this tnaAd-catl fusion. A HindIll/Xhol
fragment containing sequences downstream of AagB were ligated downstream of the tnaA4-
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 Sacll and A4pal and used to
transform ECM233. Transformants were selected on sTSB plates containing 10 pg/ml

chloramphenicol.
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Figure 3.4: Map of the chloramphenicol resistance cassette used to reintroduce the hagB
gene in strain in ECM233 to generate GMC100. 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, RHI159RY, 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 pJW1 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 pJW1 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 succesful. 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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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. ¢) A 0.8% agarose gel confirming
differences in size of the hagB and hagC loci between wild type W83 and ECM233. 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 3100bp) 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 cassette.

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 #agC mutant in strain ATCC33277:

An attempt was made to apply the same method of mutant production as was used in strain
W383. Due to the homology between the strain only one of the regions adjacent to the 3’
end needed to be amplified and ligated into pBSTetQHCI 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 Xbal and
Notl and ligated into Xbal/Notl digested pBSTetQHCI to generate pPBSAhagCATCC. The
resultant plasmid phagCAATCC 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 #agB 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 data p-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 pJW1 was obtained from the laboratory of Ann
Progulske-Fox (University of Florida). This plasmid contains sagB interrupted by the
ermAM and ermF genes, encoding for erythromycin resistance in E. coli and P. gingivalis,
respectively. Plasmid pJW1 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 pJW1 resulted in a Southern blot
banding pattern indicating a disruption of hagB but also deletion of hagC. This pattern
suggested that pJW1 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

ECM100.

Integration of plasmid pJW1 into the chromosomal sagB 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 ECM100 (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.
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Figure 3.6: Southern blot analysis of genomic DNA isolated from Wild type W&3,
ECM200 and ECM233. Probe designed to share 100% homology to a 275 bp region of
both hagB and hagC. Diagram also shows plasmid pJW1 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. (ECM200 = AhagC, ECM233 = AhagB/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 ECM100.

Plasmid pJW1 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 AhagB 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 zetQ,
which encodes for tetracycline resistance. 7etQ was amplified from plasmid pT-COW
using the TetQ F and TetQ R primers, which contained the restriction enzyme sites for
BamHI and Spel. This facilitated ligation to BamHI and Spel 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 HagCF1 and HagCR1
to give a product of 313 bp. These primers contained the restriction endonuclease
recognition sequences for Xhol and Hindlll. This allowed for ligation into plasmid

pBSTetQ giving pBSTetQHCI.

The 3’ adjacent region of hagC was amplified using the primers HC2_F and HC2 R to
give a product of 411 bp. Xbal and Notl recognition sites were designed in the primers to
facilitate ligation to Xbal and Notl digested plasmid pTetQCl to yield pPBSAhagC (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 pPBSAhagC in LB-broth supplemented with Spug/ml tetracycline
confirmed the functionality of the fefQ 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 pBSTetQHCI1 to give phagCAATCC. This cassette was then used in transformation to

delete hagC from the genome of ATCC33277.

3.3.3 Transformation of #agC 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 ECM100, 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 zetQ (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 phagCAATCC into strain ATCC33277. After multiple attempts the experiment

failed to yield any transformants.

3.3.4 Construction of AhagB/AhagC 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 pJW1.

Electrocompetent cells of ECM200 were prepared and transformed with plasmid pJW1I.
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 pJW1 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 ECM100 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 AagC region were observed.

Plasmid DNA was sent for sequencing using M13 F and M13 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 AhagB/AhagC, 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 ¢ 17 261 and pgin ¢ 1 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, ECM100, ECM200 and ECM233 was isolated and
digested with Bg/Il. 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 #agB 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 GMC100 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 ECM100 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
ECM100 (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 hag(C were assessed. These were found to be substantially lower than
that of hagB. There was a statistically significant difference between strain ECM100 and
the other mutant strains, with strain ECM100 showing a significantly higher level of
expression. Minimal levels of expression were detected in all strains were AagC had been

deleted (Fig 3.9). This was as expected given the absence of the gene.
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Figure 3.7: a) A 0.8 % agarose gel confirming the presence of hagB in AhagB
complemented mutants 1) 1 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 AhagB 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 ODggo of 0.7 under haemin rich conditions kagB 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 ECM 100 (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. (ECM100 = AhagB, ECM200 =

AhagC, ECM233 = AhagB/hagC, GMC100 = AhagC, hagB: :cat)
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Dunnett's Multiple Comparison Test q | Significant? P < 0.057?
ECM100 vs. WT 1.886 No
ECM100 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 ODg of 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 ECM100 and all other mutant
strains. * indicates a significant value between 0.01 and 0.05. (ECM100 = AhagB,

ECM200 = AhagC, ECM233 = AhagB/hagC, GMCI100 = AhagC, hagB::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 al., 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 al., 2010, Darveau et
al., 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 al., 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
al., 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 al., 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 al., 1994, Katz et
al., 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 4hagB/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 pJW1 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 pJW1 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
pJW1 which did not result in this type of double disruption event, suggesting that ~agB 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 pJW1 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 pJW1 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 ferQ, thus ensuring that the second plasmid used, plasmid

pIJW1, 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 sagB 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; a<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>