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Chapter 1

General introduction
Periodontal diseases are among the most prevalent infectious diseases
in the world. This thesis concentrates on Porphyromonas gingivalis, a
causative agent of chronic periodontitis. Chronic periodontitis is defined as
an infectious disease resulting in inflammation within the supporting tissues
of the teeth, progressive attachment loss, and bone loss [3]. If left untreated,
teeth may show exposed root surfaces, in conjunction with red, swollen
gums that easily bleed. Dental radiographs reveal periodontal (alveolar)
bone loss around the teeth due to the inflammation process; teeth will
become mobile and migrate, and can eventually be lost. Patients with
periodontitis experience problems with chewing; they have bad breath and
suffer from important subjective and objective esthetic problems. Dental
practitioners provide labor-intensive diagnostic and treatment sessions to
periodontitis patients, including periodontal surgery.
Periodontitis is worldwide highly prevalent. Although, it has been reported
that in the US periodontitis might be declining in the last decade [4], it was
also concluded recently that the majority (>50%) of the US adult population
exhibits, to some extent, mild, chronic periodontitis [4]. Also in Europe a
decrease in periodontitis has been reported over the last 30 years, although
more high quality studies have to be performed to support these findings [5].
Due to rapid aging and increased prevalence of periodontitis in older
populations the problem will, however, be emphasized again. Up to 38% of
severe cases have been reported in a male population which was on
average 75 years-old [6].
A difficulty in studying the epidemiology of periodontitis is that the
definition of the disease is still not well standardized. Therefore, comparing
one study with the other is a delicate subject. But knowing that the Western
population is ageing and that prevalence of periodontitis is strongly
correlated with age, it is a certainty that periodontitis is an important disease
now and will be an even more important disease in the decades to come.
Recent data suggest that periodontitis is associated with increased risk
for cardiovascular diseases [7], possibly through the elevation of the acute
phase reactant C-reactive protein (CRP) or other systemic markers of
inflammation [8]. The systemic reactions to periodontitis can also result from
dissemination of oral bacteria or its components. There are strong
indications that the inflamed and ulcerated periodontal epithelium forms an
easy port of entry for oral microorganisms. Short moments of bacteremia
occur most likely several times a day. Like any other inflammatory condition,
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untreated chronic periodontitis may pose a risk for the overall health of the
subject [9].

Periodontitis etiology
Although periodontitis has been studied for about 100 years the etiology
is still not fully understood. It is considered to be a complex disease. Many
risk factors are associated with the disease including microbiological,
lifestyle and genetic factors (figure 1).
microbiological
factors
dental biofilm

smoking
diet
stress
oral hygiene
lifestyle

periodontitis
genetic
factors

Figure 1. Periodontitis as a multifactorial disease (modified from [10]).
Disease development consists of a host response, depending on host
genetic factors, to microbiological factors and lifestyle leading to
periodontitis.
In the early days (<1930s), oral microbiological research aimed to find
pathogens in dental plaque causing periodontitis [24]. Due to the complex
nature of the disease and due to limitations of the cultivation methods
researchers were not very successful in describing primary pathogens. In
the middle of last century plaque was even described as non-specific, which
meant that only the amount of plaque and not the composition was seen as
a risk factor [28].
The polymicobial disease periodontitis has now been shown to be
triggered by the presence of certain bacteria in subgingival plaque. A shift in
microbial composition of the plaque from predominantly Gram positive
facultative aerobic bacteria to Gram negative anaerobic bacteria enhances
the process. Mostly anaerobic bacteria have been associated with
periodontal disease including Prevotella intermedia [29, 30], Fusobacterium
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nucleatum [31], Tannerella forsythia [32, 33, Peptostreptococcus micros
[34], Treponema denticola [35] and Porphyromonas gingivalis [33, 36], but
also the facultative anaerobic Aggregatibacter actinomycetemcomitans [29].
The most important lifestyle factors in the development of periodontitis
are smoking, stress and poor oral hygiene. Smoking has been described to
have an association with periodontitis already since the early days of
periodontitis research. It increases the risk for the disease 2.5-7 times [11]
by weakening the host immune system, systemically as well as locally, but
potentially also by affecting bacterial behavior in the subgingival biofilm [12].
Clinical symptoms, i.e. gingival redness and bleeding on probing, are
masked by smoking due to dampening of inflammation, and therefore
disease severity is regularly underestimated in smoking patients.
Furthermore, periodontal therapy is less effective in smokers [13].
Stress can negatively influence general health. Especially associations
between infectious disease and stress have been described [14].
Periodontitis researchers also propose a mechanism in which stress is a risk
factor [15, 16]. Most research however has great shortcomings due to which
evidence is not convincing [16, 17]. For example, the definition of stress is
continuously changed, which makes comparison of research impossible.
And it is very difficult to have stress as the only variable in an experiment,
making data interpretation complicated. Despite that, it would be unlikely that
stress is not a risk factor for periodontitis. Oral hygiene is a lifestyle factor
directly influencing the plaque formation and plaque composition and
thereby the microbiological factors. Poor oral hygiene or poor plaque control
has been recognized as one of the risk factors for the development of
periodontitis [2]. Poor oral hygiene also decreases success of periodontal
treatment [18].
Several systemic diseases have been investigated as risk factors for
periodontal disease. Some examples are obesity, osteoporosis, human
immunodeficiency (HIV) and diabetes mellitus [19-22]. Although for each of
these diseases there have been studies implying them as risk factors,
diabetes is the only disease with a solid amount of supporting data.
Metabolic control of disease also has been shown to reduce the negative
influence of diabetes on periodontal status [23].
The first proposal of a genetic component in the development of
periodontal disease was formulated in the thirties of last century [24]. Early
recognized signs were potential heritability of susceptibility, but also diversity
of clinical outcome when subjects shared all the other risk factors. Only 1020 years ago however this proposal has got increasing support in
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periodontal literature [25, 26]. Putative genetic risk factors have been
recognized. Genetic risk factors each playing a small role in periodontitis
development have been found to add up in the susceptibility of a subject.
Polymorphisms found in genes coding for proteins involved in host immune
response have mostly been associated with increased risk to develop
periodontitis [27].

Oral community
The mouth is a challenging ecosystem to study. Since it is an open
system allowing organisms to invade and to be flushed away the community
has the potential to change composition rapidly. The huge diversity of
species being able to inhabit the oral cavity also makes it a very difficult
study object. As many as 700 species have until recently been believed to
be present in the oral environment, of which 400 species could be found in
the periodontal pocket [37]. New generation sequencing techniques have
however changed this idea dramatically. The power to produce and analyze
virtually unlimited amounts of sequence data has yielded the idea that the
oral cavity harbors actually a much more complex community. It is now
suggested that the number of species present is an order of magnitude
higher than previously suggested [38].
Many of the species in the oral environment are commensal bacteria, e.g.
normal residents. Many of those serve a beneficial purpose for the host and
others will not have a negative influence in a stable situation. Altogether
these bacteria form a community that is in balance with the host. It is when
the balance gets disturbed and pathogens like P. gingivalis grow out
because of more favorable conditions, that a problem will arise. This shift in
biofilm composition could then lead to the triggering of periodontitis.
Development of an oral infectious disease is comparable with the
development of intestinal diseases where a shift in the extremely
complicated microbial community composition can lead to health problems
[39].
Despite the fact that the oral microbial community harbors an extensive
array of bacterial, fungal, protozoan and archeal species [40-42], the earlier
mentioned P. gingivalis, T. forsythia and T. denticola have strongly been
associated with periodontitis. Those species have been shown to co-occur in
the pockets of periodontitis patients. Together they have been named red
complex species as they are most strongly related to periodontitis and its
severity, specifically with pocket depth and bleeding on probing [36]. P.
gingivalis is only found in the presence of both T. forsythia and T. denticola,
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whereas both can be found in the absence of P. gingivalis [43]. The red
complex species have been thought to be the successors of the orange
complex species F. nucleatum, P. intermedia and Prevotella nigrescence
[36, 44] which are also associated with peridodontitis, although to a lesser
extent.

Porphyromonas gingivalis
In this thesis the focus will be on P. gingivalis as besides a very strong
association with periodontitis it also has a vast arsenal of virulence factors.
The anaerobic, non-motile, asaccharolytic, Gram negative rod-shaped
bacterium P. gingivalis has been implicated as a major causative agent
especially in chronic periodontitis. It is present in only 10-25% of healthy
subjects and 53-90% in individuals with peridontitis when detection by PCR
is used [45-48]. As can be expected the numbers detected by anaerobic
culturing are lower [48]. To answer the question how one can be infected
with P. gingivalis family studies have been performed, showing family
members can infect each other. Bacterial load in saliva of the donor as well
as genetics of the recipient are determinants in infectivity [49].
P. gingivalis is able to interact with its host in several ways. It is able to
adhere to salivary components like proline-rich proteins, histatin and
fibronectin [50-52]. It can adhere to a variety of cell types, including epithelial
cell, erythrocytes and fibroblasts [53, 54]. Interaction with the host is crucial
in establishing a chronic infection and molecules involved in interactions with
the host are therefore mostly indicated as virulence factors.
Interaction of P. gingivalis with the host inevitably induces a host
response. Periodontal patients have elevated levels of inflammatory
mediators in their crevicular fluid as known from clinical studies. These
proteins are produced as a response to the complex infection in periodontitis
patients The mediators include receptor activator of NF-κB ligand (RANKL),
pro-inflammatory cytokines interleukin-1 (IL-1) and interleukin-6 (IL-6) and
tumor necrosis factor (TNF), chemokine IL-8, monocyte chemoattractant
protein-1 (MCP-1) and macrophage inflammatory protein-1a (MIP-1a), and
adhesion molecule intracellular adhesion molecule-1 (ICAM-1) [55]. P.
gingivalis antigens can stimulate host cells in several different ways.
Lipopolysaccharide (LPS), an important surface antigen of Gram negative
bacteria, activates a pro-inflammatory response inducing IL-1β, IL-6, IL-8
and TNFα in a wide variety of host cells [56, 57]. Fimbriae have been shown
to induce a pro-inflammatory response and a Th1 T-cell phenotype [57, 58].
Capsular polysaccharide also has been shown to be able to induce pro-
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inflammatory cytokines and chemokines [59]. Gingipains induce a complex
response, including the induction of a Th2 response [60] and inactivation of
Th2 cytokines IL-4 and IL-5 [61], but also an induction or attenuation of
proinflammatory mediators dependent on RgpA-kgp complex concentration
[62]. When using whole viable P. gingivalis cells in in vitro experiments one
can also measure elevated levels of pro-inflammatory mediators [63].
Besides the ability to interact with its host, P. gingivalis is also able to
interact with a variety of bacteria found in subgingival plaque. Being able to
interact with other oral bacteria indicates that bacteria may support each
other in establishing a mature biofilm. P. gingivalis is described as a late
colonizer of the subgingival plaque, which indicates that the environment of
the periodontal pocket needs to be “prepared” by other bacteria before being
favourable for P. gingivalis. The interaction between oral bacteria is
extensively reviewed by Kolenbrander et al. [64]. They propose some
mechanisms used for succession of species. P. gingivalis can interact with
Gram positive and Gram negative bacteria including streptococci [65],
Peptostreptococcus micros [66], Treponema denticola and Fusobacterium
nucleatum [67]. Binding between the species is dependent on specific
adhesion-receptor interactions.

Virulence factors
Virulence is generally defined as the degree of pathogenicity of an
organism, which means the relative ability of a pathogen to cause disease. A
wide variety of definitions is in use, but all come down to the same idea. For
the term virulence factor however the definitions are extremely variable. The
two definitions that seem to be most accurate for description of virulence
factors are:
1) those components of an organism that determine its capacity to cause
disease but are not required for its viability per se [68].
2) molecules expressed and secreted by pathogens (bacteria, viruses,
fungi and protozoa) that enable them to achieve the following:
- colonization of a niche in the host (this includes adhesion to cells)
- evasion of the host's immune response.
- entry into and exit out of cells (if the pathogen is an intracellular one).
- obtain nutrition from the host [69].
The first definition is very simple and clear, but it does not describe how a
component would act in disease. The second, although much more
elaborate, does not exclude vital functions of an organism.
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My definition of a virulence factor would be:
A non-vital component of an organism that determines its capacity to
cause disease by enabling the pathogen to colonize the host, to evade the
immune system, to enter/exit host cells or to obtain nutrition from the host.
But even this definition raises questions when studying polymicrobial
infections like periodontitis. Species may not be harmful by nature, but
because they are present other species may be able to colonize due to
interactions between those species. A polymicrobial consortium acts
together as an infectious agent. So, a virulence factor could then also be a
component that enables other species to cause disease. Although relevant
in the in vivo situation, this is beyond the scope of the studies in which only
P. gingivalis strains are studied.
According to the above-mentioned new definition P. gingivalis has many
virulence factors, ranging from fimbriae involved in colonization and
internalization in host cells to proteases involved in nutrient availability and
immune system evasion. Below, a set of P. gingivalis virulence factors will
be described (figure 2).

Proteases
P. gingivalis has been found to be highly proteolytic, with a wide variety of
protease specificities. Some proteases have been studied intensively as
they were found to be involved in virulence, but some predicted peptidases
from the P. gingivalis genome have not been studied yet. Since P. gingivalis
is asaccharolytic it is dependent on protein degradation for the release of
oligopeptides or amino acids that can serve as a nutrition source. A main
function of some of the peptidases is therefore food availability. Since P.
gingivalis is an inhabitant of the subgingival pocket the degradation of host
proteins in its surroundings understandably may have an adverse effect on
the host. The adverse effects can be degradation of structural components
like collagen, but also degradation of immune system components.
The best-studied proteases of P. gingivalis are the cysteine proteases called
Arg-gingipain (RgpA and RgpB) and Lys-gingipain (Kgp) [71-73] and have
been extensively reviewed recently [74].
Their functions have been found to be very broad. The first described
function of RgpA was complement activation by hydrolysis of C3 and C5
[75]. The first indicated function of Kgp was hemolysis of erythrocytes [76],
enabling heme-acquisition. Later many more functions have been described
for each of the proteases including, supplying energy by protein breakdown,
involvement in fimbriae expression, hemagglutination, exposing cryptotopes
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Figure 2. P. gingivalis cell envelope with a set of its major virulence
determinants [69].
for bacterial attachment, involvement in fibroblast apoptosis and complement
dysregulation at various stages [77, 78]. In a murine lesion model gingipains
were appointed a direct role in virulence as mutant strains lacking the
proteases were far less virulent than the wild-type strain [79].
Trp, also a cysteine protease which has been cloned and overexpressed
has not been given any function yet. Only some specificities have been
described by use of Tpr overexpressed in Escherichia coli [80-82]. Another
protease PrtT has no appointed role in virulence yet, but it is very similar to
the pyrogenic streptococcal exotoxin B. Its proteolytic activity is mostly
directed against denatured proteins [83, 84]. A set of peptidases that
however do have an appointed function are the di- and tri-peptidyl
aminopeptidases, which have been shown to supply the bacteria with
nutrients for growth [85].

Adhesins
Binding of a bacterium to a host surface, host component or another
species is crucial for virulence, as mentioned in the definition of a virulence
factor. In P. gingivalis several molecules have been indicated to be involved
in adhesion. The group of adhesins can be divided into two main groups:
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fimbrial and non-fimbrial adhesins [86]. Fimbriae are long protein molecules
anchored in the outer membrane (figure 2). They can be visualized by
electron microscopy as threat-like structures [54]. Two types of fimbriae have
been described for P. gingivalis, namely long or major fimbriae and short or
minor fimbriae.
The major fimbriae, which can be up to 1 µm long, consist of the 41 kDa
fimbrillin FimA. FimA has been shown to be crucial in adherence and
invasion of several human cell types including fibroblasts and epithelial cells
[86, 88]. Over the years many receptor proteins recognizing P. gingivalis
FimA have been described. These receptors include salivary proteins,
extracellular matrix proteins, hemoglobin, TLR-2 and CD14 [86]. Interaction
with the latter two receptors induces cytokine expression, thereby potentially
inducing bone-resorption. A rat infection experiment indeed showed that
infection with a fimA mutant leads to reduced bone loss compared to
infection with the wild type [89]. FimA is also involved in binding of other oral
bacterial components. Dentilisin from T. denticola and GAPDH from
Streptococcus oralis have both been shown to interact specifically with the
major fimbriae of P. gingivalis [90, 91].
Minor fimbriae were first discovered when a fimA mutant was carefully
investigated microscopically [92]. Minor fimbriae consist of the 67 kDa
fimbrillin Mfa1 encoded by the mfaI gene. Minor fimbriae may also play an
important role in periodontal disease as mutants have been shown to induce
less alveolar bone resorption in rats [93]. They have only been studied to a
limited extent, but roles have been described in immuno stimulation and
bacterial interaction [58, 94]. Mfa binds directly to CD14 and TLR-2 thereby
inducing a pro-inflammatory response [58].
P. gingivalis strain W83 which is used in this thesis has been shown to be
deficient in major fimbriae production, although the genetic machinery
seems to be present. Recently it has been described however that this strain
is affected in both a regulatory FimS protein and in the structural FimA
protein [95]. The closely related strain W50 has the same FimA gene, but
has been found to poses minor fimbriae [58]. In W83 a disrupted mfaI gene
has been found.
The second group of adhesins or non-fimbrial adhesins consists of the
earlier mentioned gingipains RgpA, RgpB and Kgp by means of their Cterminal adhesion domain, their closely related adhesin hemagglutinin A
(HagA) and hemin binding protein 35 (HBP35). Gingipains adhere to laminin,
fibronectin, collagen, erythrocytes and hemoglobin by their adhesion
domains. After binding the proteinase domain is able to degrade the bound
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proteins thereby detaching again [96]. Being able to bind hemoglobin and
erythrocytes and subsequently degrade proteins gives them an important
role in iron acquisition, although probably not a crucial one [97]. Gingipain
complexes have also been shown to be involved in co-aggregation with
other bacteria, giving them a role in mixed biofilm formation [98].

Lipopolysaccharides (LPS)
LPS has been regarded as a relatively invariant structure of the Gram
negative cell envelope (figure 2). It is one of the most intensively-studied
bacterial virulence factors. LPS consists of three domains; lipidA, which
anchors LPS into the bacterial membrane, a core domain consisting of at
least an oligosaccharide connecting lipid A to the third domain, e.g. the Oantigen, which is a repetitive glycan polymer found outside the bacterial
membrane. For P. gingivalis three O-antigen serotypes have been described
O1, O2 and O3 from strains 381, HG1691 and W50 respectively [99, 100].
Patient-derived titers to serotype O3 (W50) have been described as useful in
disease classification. Titers to the other serotypes have not been shown to
be predictive except when combined with titers to K-antigens (CPS). P.
gingivalis LPS has however been shown to be different from other Gram
negative bacterial LPS structures. The lipid A part can be a mixture of
structures that can even be modulated in reaction to exogenous stimuli,
thereby changing it’s recognition by and activation of toll-like receptor 4
(TLR4) [101]. Some forms are TLR4 antagonists. P. gingivalis LPS is even
able to upregulate negative regulators of TLR signalling, thereby
suppressing the innate immunity system [102]. TLR2 and TLR4 are both
able to recognize P. gingivalis LPS, with TLR2 being the dominant receptor.
Due to a complex modulation of the immune regulation P. gingivalis LPS
does not seem to induce a high pro-inflammatory immune response in
contrast to the well-studied E. coli LPS [56].
A second LPS structure, A-LPS in addition to O-LPS, within a single
strain (W50) has been recently described, including genes involved in LPS
biosynthesis. PG1051 (waaL) an O-antigen ligase and PG1142 an O-antigen
polymerase [103, 104] were shown to encode the enzymes linking the
repeating units of the O-antigen to the core oligosaccharide and the
polymerization of those repeating units respectively. Variation in potency to
induce an inflammatory response has been described for the LPSs. A role
for this variation in pathogenesis has not been established yet.
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Outer membrane vesicles (OMVs)
Electron microscopy studies of P. gingivalis revealed the presence of
extracellular membrane vesicles, seen as spheres budded of from the
bacterial cell. The protein content of these vesicles has been shown to be
similar to the outer membrane protein content [105]. When Grenier and
Mayrand had shown that the vesicles had a vast protease activity they
regarded them as potential virulence factors [106]. Functional
characterization of the vesicles then showed that they indeed could be
involved in virulence as they protected other species from being killed by the
complement system both by protease activity and by the presence of LPS
[107]. Next to proteases and LPS also nuclease activity has been found in
vesicles [108]. The vesicles have furthermore been found inside host cells in
in vitro studies thereby interfering with host cell functions [109, 110].
Recently, effort has been put in the direct interaction of membrane vesicles
with the immune system. P. gingivalis membrane vesicles have now been
indicated in modulation of antigen presentation, thereby enabling evasion of
the immune system [111]. Another action which has been described for
membrane vesicles is the enhancement of attachment of other oral bacteria
to host-cells [112]. The many roles that these membrane vesicles can play
again show the variety of the P. gingivalis virulence factor arsenal.

Capsular polysaccharide (CPS)
Capsules have first been described as external structures surrounding a
bacterial cell seen by microscopic examination (figure 3). The bacterial

Figure 3. Negative staining of P. gingivalis capsule using India ink
[113]. Bacterial cell bodies are surrounded by a white CPS halo (arrows)
unstained by India ink that forms the dark background.
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capsule mainly consists of extracellular hydrophilic, negatively charged
polysaccharides anchored in the bacterial outer membrane by lipid moieties.
It has a role in the rigidity of the cell membrane, but the role for which it has
been studied most is its role as a virulence factor in many pathogenic
bacteria like Neisseria meningitides, Streptococcus pneumonia and E. coli.
Presence of capsular polysaccharide has been associated with resistance to
phagocytosis and complement killing thereby giving bacteria a tool to evade
the host immune system [113].P. gingivalis can also express a capsule as
seen in negative staining using India ink. It can be as thick as 1 µm, which is
about the size of an average P. gingivalis cell body. The capsule of P.
gingivalis has also been regarded as an important virulence factor as
differences in virulence in a mouse subcutaneous infection model were
found between encapsulated and non-encapsulated strains [115]. The
strains expressing a capsule mostly caused spreading infections, which
often lead to death, whereas non-encapsulated strains caused local
abscesses leading to much less dead test animals [113, 115, 116].
Prevalence of encapsulated strains in periodontitis patients has been
described to be around 70% as examined by microscopy [117]. So, 30% of
these P. gingivalis strains are non-encapsulated (K-). One of the moststudied P. gingivalis strains, the fully sequenced strain ATCC33277, is a
non-encapsulated strain as is its close relative HG91, which is used as a
non-encapsulated reference strain in the research described in this thesis.
P. gingivalis CPS or K-antigen has antigenic properties that make them
typable by serotyping methods. In that way six capsular serotypes have
been described and a seventh has been proposed by Schifferle et al. named
K1-K7 [114, 116]. The prevalence of typable P. gingivalis strains has been
shown to be 45% in a Dutch population of periodontitis patients when using
K1-K6 antisera. From the encapsulated strains only 58% could be
serotyped, suggesting that more CPS serotypes should be present [117].
Serum titers against K-antigens K1 and K6 of periodontitis patients have
been shown to be indicative for disease [100].
The structure of P. gingivalis CPS until today has not been elucidated. Its
monosaccharide composition has been studied, but not in much detail. The
most detailed examination of P. gingivalis CPS describes the cell-surface
polysaccharides of strain ATCC53978 (W50) [118], which supports the
earlier findings of P. gingivalis polysaccharide [119]. This K1 serotype strain
is highly virulent and has a thick capsular layer. The study refers to gel-like
properties of the isolated P. gingivalis CPS, which make the CPS hardly
soluble in heavy water after extraction. The monosaccharide analysis
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reveals that mannuronic acid (ManA), glucuronic acid (GlcA), galacturonic
acid (GalA), galactose (Gal) and 2-acetamido-2-deoxy-D-glucose (GlcNac)
are the components of P. gingivalis K1-type CPS.
Until recently next to protease activity P. gingivalis CPS was thought to
be one of the main structures in resistance to serum killing. Recently
however it has been shown that another anionic polysaccharide (APS) is
responsible for this action. A mutant lacking capsule synthesis was still
resistant, whereas the APS synthesis mutant was highly sensitive to serum
killing [120].
In vitro infection studies on macrophages using isolated CPS of each of
serotypes K1-K7 showed that K1 CPS triggers the highest pro-inflammatory
immune response and most cell migration [59]. However, the differences in
response between K1 and the other CPS types have not been explained.
The biosynthesis pathway of P. gingivalis CPS has not been described. A
start was however made by the publication of the P. gingivalis W83 genome
sequence including a prediction of potential CPS biosynthesis loci by
comparative genomic analysis [121]. W83, a close relative of strain W50, is
a highly virulent K1 encapsulated strain [113]. A genomic hybridization study
of the non-encapsulated ATCC33277 strain to the W83 genome array
revealed a highly divergent region which was already predicted to be a
potential CPS synthesis locus [122]. Deletion mutants lacking capsule
expression then proved that locus PG0106-PG0120 is the actual CPS
biosynthesis locus [124]. Further genetic studies have illustrated the
increase in biofilm formation potential of CPS biosynthesis mutants [123].
The role of CPS is not fully understood yet. Strains with CPS seem to have a
lower hydrophobicity, which may prevent PMN killing. CPS mutants also
show more auto-aggregation and higher hydrophobicity than the parent
strains [124].
Studies on P. gingivalis have been performed almost exclusively on three
strains, namely ATCC33277, W83 and W50. The genomes of the first two
have now been sequenced [121, 125]. Because ATCC33277 is nonencapsulated K1 strain W83 was taken as the model strain to study CPS
biosynthesis in this thesis.
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Outline of this thesis
The focus of this thesis is on P. gingivalis CPS and genes involved in
CPS biosynthesis. Only little is known about the genetic background of this
undoubtedly important virulence indicator of P. gingivalis and the role of CPS
in the etiology of periodontitis is still unclear.
These studies are performed to better understand how CPS is involved in
the etiology of periodontitis and which genes are involved in biosynthesis of
the capsular serotypes.
In chapter 2 the construction of molecular tools that can be used in P.
gingivalis CPS research is described. An isogenic mutant which lacks the
epsC gene at the far 3’-end of the CPS locus is presented. EpsC is found in
several P. gingivalis strains. This epsC mutant is shown to be nonencapsulated by a combination of techniques, showing that epsC is
essential for P. gingivalis CPS synthesis. This mutant is a good tool to study
the role of CPS during an infection as described in chapter 4. Development
of some easy-to-use plasmids for targeting of genes to the P. gingivalis
genome is also described. The plasmids contain two different promoters
(CP25 and PG0106) to choose from, two resistance cassettes (tetQ and
eryF) which could be introduced at two specific regions of the P. gingivalis.
The plasmids allow for exchange of a gene or a promoter by a single
restriction/ligation. Expression cassettes can thus easily be constructed and
integrated at the two selected loci in the P. gingivalis genome, making the
plasmids good tools for complementation and overexpresion experiments.
In chapter 3 the genetic locus of the CPS biosynthesis of a set of K1
serotype strains was analyzed, giving insight in the variation within a group
of K1 strains. Using two techniques, restriction fragment length
polymorphism (RFLP) analysis and polymerase chain reaction (PCR), only
slight differences within the K1 serotype were found. This new knowledge
allowed the development of a K-specific PCR based serotyping assay, which
was shown to be highly specific and sensitive.
In chapter 4 the epsC mutant constructed in chapter 2 was analyzed for
its change in the ability to trigger a pro-inflammatory immune response in
human gingival fibroblasts. The study with viable bacteria shows that P.
gingivalis CPS reduces the immune response of the fibroblasts.
To gain insight on the genetic differences between strains a comparative
genomic DNA hybridization (CGH) study is presented using a representative
of each capsular serotype. A W83 microarray is used for hybridization. The
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description of a P. gingivalis core genome was initiated in this study,
showing that 80% of all W83 genes belong to the core genome. Previously
described virulence gene sets were used for more in-depth analyses of the
data. The presence of almost all virulence related genes in the core genome
was seen. As expected, high variation in the CPS locus was seen between
he strains.
In chapter 6 this thesis will be overviewed and the findings will be put in a
broader perspective. The potential role of P. gingivalis CPS will be discussed
as well as the potential of regulation of CPS biosynthesis.
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Abstract
Molecular tools can be used to functionally study genes, gene products,
regulation and bacterial cell components. In this chapter some new
molecular tools for Porphyromonas gingivalis research will be presented.
The construction of an isogenic epsC mutant is described. This mutant is
shown to lack CPS by a range of methods. The other tool that is described is
a set of integration plasmids for P. gingivalis. These plasmids allow
integration of expression cassettes into specific intergenic regions in a wide
range of strains. The expression cassettes can easily be modified. Potential
applicationsof these plasmids are foreign protein expression, promoter
studies but also complementation without the need for antibiotics pressure.

Introduction
Since P. gingivalis has been strongly associated with periodontitis more
and more research has been focusing on this Gram negative pigmented oral
anaerobic rod in the latest years. This increased interest is supported by the
fact that in November 2005 2838 articles could be found in the PubMed
database when using the query Porphyromonas gingivalis, whereas just
over five years later (April 2011) this number was increased with 58% to
4479 articles. In the meantime also an extra genome sequence besides the
genome of the well-known W83 strain of P. gingivalis strain has become
available [1]. The availability of those genome sequences is a very important
tool for advanced research to unravel the molecular mechanisms behind P.
gingivalis virulence.
The first genome publication already gave rise to speculation which of the
genetic loci was the capsular polysaccharide (CPS) biosynthesis locus in P.
gingivalis. Further studies using genomic hybridization yielded more
indications towards defining the CPS biosynthesis locus [2]. But final
evidence was presented in a molecular study in which a part of a putative
CPS biosynthesis locus was deleted yielding a non-encapsulated mutant [3].
This example shows the power of molecular genetics in microbiology. In
this case the method used for introduction of the antibiotic resistance marker
into the CPS locus was electroporation of linearized plasmid DNA.
Electroporation has been shown to be very successful when used as a tool
for introduction of DNA into the genome of P. gingivalis also in several other
studies [4], usually to make knockouts of genes of interest. Gene function
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Figure 1. Schematic representation of the knockout strategy to
construct the epsC insertional mutation in W83. A. The genetic
arrangement of the 3’-end of the CPS locus in the W83 wild type strain with
the grey rectangles representing the genes present. B. Construct p∆epsC
for insertional inactivation of epsC. The 1.2 Kb epsC was inserted into
BamHI-EcoRI digested pGEX-6-p3 (oval) and interrupted by insertion of a
1.2Kb EryF (shaded rectangle) in the single ClaI restriction site present. The
dashed lines between A and B show the homologous crossover regions
between the plasmid and W83 CPS locus. C. The final arrangement of the
3’-end of the P. gingivalis CPS locus after double crossover showing the
insertional inactivation of epsC. Arrows represent the primers used to
confirm the integrity of the epsC mutant.
can then be examined by studying the change in phenotypic appearance of
the bacteria lacking a functional gene copy.
Problems however arise when intact plasmid DNA is electroporated into
P. gingivalis. From early studies it became apparent that P. gingivalis has an
extensive restriction-modification system to get rid of introduced DNA [5]. It
was shown that plasmid DNA isolated from Escherichia coli could not be
maintained by P. gingivalis when introduced by electroporation, while the
same plasmid DNA when isolated from P. gingivalis could be maintained. To
overcome the problem of restriction-modification a plasmid vector (pYH400)
had been constructed which could be introduced by electroporation into a
restriction-modification transposon mutant P. gingivalis strain YH522 [6].
Strain YH522 could therefore be used as an easy-to-use host system.
For general use a more diverse host system would be more attractive,
however. Therefore a search for other plasmids that could be maintained in
P. gingivalis yielded a plasmid named pT-COW [7]. This plasmid, designed
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for use in Prevotella ruminicola, was not restricted to a certain host strain as
long as it was introduced into P. gingivalis by conjugation in stead of
electroporation. It has been used in several complementation experiments
[4, 8], but also in regulatory studies using promoter-lacZ fusions inserted into
the pT-COW vector [9].
The vector contains three antibiotic resistance markers, of which two
(tetQ and eryF) are for tetracycline and erythromycin/clindamycin selection in
P. gingivalis and the other one (bla) is for ampicilin selection in E. coli
making it a very suitable shuttle plasmid. A drawback of pT-COW is however
that there are only very few restriction sites usable for insertion of your DNA
fragment of interest.
The aim of this study was to design molecular tools for use in P.
gingivalis CPS research. The first goal was to create an isogenic CPS
mutant which is only affected in a single gene. The next step would then be
to complement that mutant with an intact copy of the knocked-out gene.
These tools would allow functional studies of CPS in P. gingivalis.
Besides that, the research has been focusing on the design of vectors
which could be used for expression of a variety of proteins in P. gingivalis
under control of exchangeable promoters. For application of reporter
proteins for the detection of P. gingivalis in for example a multi-species
biofilm it is necessary to integrate the expression cassette into the genome
of P. gingivalis as only then the bacteria can be maintained without losing its
construct of interest in the absence of antibiotics for selection. Therefore
specific integration plasmids were constructed. These vectors carrying a
suitable reporter protein in combination with a CPS mutant would for
example allow investigation of the role of CPS in biofilm formation.

CPS mutant and complementation
Here we describe the construction of an insertional isogenic P. gingivalis
knockout in the epimerase-coding gene epsC that is located at the end of
the CPS biosynthesis locus (figure 1). This mutant was subsequently shown
to be non-encapsulated. K1 capsule biosynthesis could be restored by in
trans constitutive expression of an intact epsC gene on an derivative of
plasmid pT-COW.
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pepC R NotI
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Figure 2. Schematic representation of the genomic arrangement of the
intergenic regions used for insertion of the integration constructs. The
intergenic regions IGR1 and IGR2 of 69 bp’s and 331 bp’s respectively
replaced by the expression cassettes are depicted by boxes.The genes galK
(PG1633), PG1634, pepC (PG1605) and kch (PG1606) flanking the
intergenic regions are depicted by arrows pointing in the direction of
transcription orientation. Primers used for cloning are indicated by small
black arrows.

Construction rationale of P. gingivalis integration
vectors (pINT1-8)
Integration plasmids for P. gingivalis were designed in a way that when
linearized before electro-transformation they could integrate into two distinct
regions in the P. gingivalis genome. These intergenic regions IGR1 between
genes galK and PG1634 and IGR2 between pepC and kch were chosen for
their potential lack of interference with surrounding gene functions, as the 3’end of both neighboring genes are pointed towards the IGRs (figure 2).
Another advantage is that the regions are present in both sequenced P.
gingivalis strains [2, 10], which makes the plasmids potentially widely
applicable in P. gingivalis strains as strains W83 and ATCC33277 have been
shown to be genetically highly divergent [11].
Two antibiotic resistance cassettes tetQ and eryF known to be functional
in P. gingivalis were used for integration selection of the constructs. Two
promoters were used to drive transcription. Promoter pCP25 is a 120 bp
artificial strong constitutive promoter used in the Gram positive bacteria
Lactococcus lactis and Streptococcus mutans, but also in the Gram negative
bacterium E. coli [12, 13]. The CP25 promoter was used successfully for the
first time in a complementation experiment in P. gingivalis in a recent study
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in our group [14]. Promoter pPG0106 is the 430 bp region upstream of gene
PG0106 which potentially is the CPS synthesis promoter of P. gingivalis.
The promoters were driving the transcription of a gene encoding a
fluorescent protein (BsFbFP) which does not need any oxygen for its
fluorescence [15]. The potential of this protein as a fluorescent marker in P.
gingivalis will be investigated.
Here, the construction of the integration plasmids (pINT1 to pINT8) from
which promoter and gene can easily be replaced for any other fragment
using a single restriction/ligation step will be described.

Material and methods
Bacterial strains and maintenance
The E. coli strain DH5α was used for maintenance of plasmids. E. coli
strains carrying plasmids with the bla gene encoding β-lactamase were
cultured in liquid or solid Luria Bertana (LB) medium supplemented with 100
µg/ml ampicillin. E. coli S17-1, used for conjugation of plasmids to P.
gingivalis, was grown on LB additionally supplemented with 5 µg/ml
tetracycline.
P. gingivalis strains were grown either on 5% horse blood agar plates
(Oxoid no. 2, Basingstoke, UK) supplemented with hemin (5 µg/ml) and
menadione (1 µg/ml) (BA+H/M plates) or BHI+H/M, both, at 37ºC in an
anaerobic atmosphere of 80% N2, 10% H2, and 10% CO2.
Strain W83 was used for transformation with integration plasmids.
Selection for transformants carrying the integration fragments was
performed using BA+H/M plates and 1 µg/ml tetracycline or 5 µg/ml
erythromycin depending on the inserted resistance cassette. Purity of P.
gingivalis liquid and plate-grown cultures was routinely checked by Gram
staining and microscopic examination.

P. gingivalis transformation
After purification of the linearized plasmid using a GE Healthcare PCR
purification kit, between 200 ng and 400 ng DNA was added to 200 µl
electrocompetent P. gingivalis W83 cells (cells were grown to mid-log phase,
harvested by centrifugation (5000 rpm for 15 minutes), 3x washed in
electroporation buffer (EPB; 10% glycerol, 1 mM MgCl2) and concentrated
80-100 times compared to the starting volume when resuspended in
electroporation buffer (EPB; 10% glycerol, 1 mM MgCl2) and concentrated
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Table 1. Plasmids used in the present study.
Plasmid
name
pET-BsFbF P

Plasmid
b ackbone

Insert us
-

pDM35r
pT-COW

-

pEP4351

-

pGEX-6p-3

-

pGEXPG0120
p∆EpsC

pGEX-6p-3

epsC gene

pGEX-6p-3

pGEM-T easy

EryF interrupted
epsC gene
PCR sewed 5'-pepCkch-3'
PCR sewed 5'-galKPG1634-3'
PCR sewed 5'-pepCkch-3'
PCR sewed 5'-galKPG1634-3'
pCP25

pGEMpPG0106
pGP

pGEM-T easy

pPG0106

pUC

5'-galK-PG1634-3'

pPK

pUC

5'-pepC-kch-3'

pPA

pGEM -T easy

5'-pPG0106-AnFP-3'

pCA

pGEM -T easy

5'-pCP25-AnFP-'3

pCA-T et

pGEM-T Easy

5'-CP25-AnFP-Tet-3'

pCA-Ery

pGEM-T Easy

5'-CP25-AnFP-Ery-3'

pPA-Tet

pGEM-T Easy

pPA-Ery

pGEM-T Easy

pINT 1

pUC

pINT 2

pUC

pINT 3

pUC

pINT 4

pUC

pINT 5

pUC

pINT 6

pUC

pINT 7

pUC

pINT 8

pUC

5'-PG0106-AnFPTet-3'
5'-PG0106-AnFPEry-3'
galK- CP25-AnFPTet -PG1634
galK- CP25-AnFPEry- PG1634
galK- PG0106-AnFPTet -PG1634
galK- PG0106-AnFPEry- PG1634
pepC- CP25-AnFP Tet-kch
pepC- CP25-AnGFP
-Ery-kch
pepC- PG0106-AnFP
-T et-kch
pepC- PG0106-AnFP
-Ery-kch

pJET-pepCKcH
pJET-galKPG1634
pUC-pepCKcH
pUC-galKPG1634
pGEM-CP25

Construction

pJET1.2
pJET1.2
pUC19
pUC19

BamHI-EcoRI digested epsC PCR product
in pGEX-6p-3
ClaI digested EryF ligated into ClaI digested
pGEX-PG0120
sewed pepC-kch PCR product ligated into
pJET1.2
sewed galK-PG1634 PCR product ligated
into pJET1.2
HindIII digested pepC-kch from pJET-pepCkch in pUC19
HindIII digested galK-PG1634 from pJET galK-PG1634 in pUC19
120bp pCP25 PCR fragment from pDM35r
ligated into pGEM-T easy
430bp pPG0106 PCR fragment ligated into
pGEM-T easy
sewed galK-PG1634 PCR product HindIII
digested in pUC19
sewed pepC-kch PCR product HindIII
digested in pUC19
AscI-SpeI digested AnFP ligated into AscISpeI digested pGEM-pPG0106
AscI-SpeI digested AnFP ligated into AscISpeI digested pGEM-pCP25
SpeI-XbaI digested TetQ amplified from pTCOW ligated into SpeI digested pCA
SpeI-XbaI digested EryF amplified from
pEP4351 ligated into SpeI digested pCA
SpeI-XbaI digested TetQ amplified from pTCOW ligated into SpeI digested pPA
SpeI-XbaI digested EryF amplified from
pEP4351 ligated into SpeI digested pPA
NotI digested 3.5Kb pCA-Tet fragment
ligated into NotI digested pGP
NotI digested 3.3Kb pCA-Ery fragment
ligated into NotI digested pGP
NotI digested 3.8Kb pPA-T et fragment
ligated into NotI digested pGP
NotI digested 3.5Kb pPA-Ery fragment
ligated into NotI digested pGP
NotI digested 3.5Kb pCA-Tet fragment
ligated into NotI digested pPK
NotI digested 3.3Kb pCA-Ery fragment
ligated into NotI digested pPK
NotI digested 3.8Kb pPA-T et fragment
ligated into NotI digested pGP
NotI digested 3.5Kb pPA-Ery fragment
ligated into NotI digested pPK

Reference
Drepper,
2007
Deng, 2007
Salyers,
2000
Salyers,
2000
GE
Healthcare
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study

80-100 times compared to the starting volume when resuspended in EPB).
The mixture was transferred to 0.2 cm electroporation cuvettes (Bio-Rad)
and electroporated using a Gene PulserXcell (Bio-Rad). Settings: 2.5kV
potential difference, 200 Ω resistance, and 25 µF capacitance. O/N
anaerobic recovery was performed at 37oC after addition of 1 ml BHI + H/M.
Cells were then plated on BA + H/M plates containing the proper antibiotics
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for selection of the transformants. After 4-6 days transformants could be
checked for proper integration of the inserted DNA.

Construction of knockout plasmid p∆EpsC
To make an insertional knockout of epsC in the W83 wild type strain we
constructed plasmid p∆EpsC. Primers epsC BamHI-F and epsC EcoRI-R
(see table 1 for details) were used to amplify the 1.2 Kb epsC gene from P.
gingivalis W83 genomic DNA in a PCR reaction. Pfu polymerase
(Fermentas, GmbH, St. Leon-Rot, Germany) was used according to the
manufacturer's protocol with 100 ng of genomic DNA. The PCR program
started with 95°C for 5 min and then 25 cycles of 95°C, 55°C and 72°C for
30 s, 30 s and 2.5 min respectively and was ended by one step of 72°C for 5
min. The amplified fragment was cleaned using the Qiagen PCR purification
kit (Qiagen Benelux B.V.) and restricted with BamHI and EcoRI. This
restricted epsC gene fragment was ligated into BamHI-EcoRI restricted
pGEX-6p-3 plasmid to yield pGEX-PG0120. The 1.2 Kb EryF erythromycin
resistance cassettes for use in P. gingivalis was amplified from plasmid
pEP4351 using primers EryF ClaI F and EryF ClaI R. and after restriction
with ClaI this fragment was ligated into the ClaI-restricted pGEX-PG0120
plasmid yielding p∆EpsC. ScaI-linearized p∆EpsC plasmid was used for
insertional inactivation of epsC in P. gingivalis strain W83.

Construction of complementation plasmid pT-PG0120
The 120 bp artificial constitutive CP25 promoter [13] was amplified from
plasmid pDM15 [12] using primers CP25 ClaI F and CP25 AscI R (table 2).
The intact epsC 1.2 Kb gene was amplified from genomic DNA of P.
gingivalis strain W83 using primers epsC AscI F and epsC SpeI R. After
ligation of these fragments into cloning vector pJET1.2 (Fermentas, GmbH,
St. Leon-Rot, Germany) the constructed expression cassette was cut out
with XhoI and HindIII and ligated into the SalI and HindIII digested pT-COW
shuttle plasmid [7] to yield the complementation construct pT-PG0120.

Conjugation of P. gingivalis
To complement the epsC mutant, plasmid pT-PG0120 was transferred
into the mutant by conjugation following a protocol described earlier [16],
with slight modifications. For selection of P. gingivalis after the over-night
conjugation we used 50 µg/ml of gentamycin in our blood agar plates instead
of 150 µg/ml.
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P. gingivalis genomic DNA isolation
To isolate genomic DNA five-day-old P. gingivalis cells were scraped
from BA + H/M plates and re-suspended in 500µl PBS buffer. P. gingivalis
genomic DNA was extracted according to the protocol for Gram negative
bacteria using the DNeasy Blood and Tissue Kit (Qiagen).

Real-time PCR of neighbouring genes
Furthermore, using Real-Time PCR, the expression of the downstream
gene hup-1 in both W83 and the epsC mutant was monitored using primers
hup-1 F and hup-1 R (table 2) to exclude polar effects. W83 and the epsC
mutant were grown till early exponential phase. The cell pellets were
collected by centrifugation and resuspended in RLT buffer (Qiagen, Benelux
B. V.). The cells were disrupted using a Fast Prep Cell Disrupter (Bio 101,
Thermo electron corporation, Milford, USA) and centrifuged, the total RNA
was extracted from the supernatant according to the manufacturer's protocol
®
of Qiagen RNeasy mini kit (Qiagen Benelux B.V.). The residual
contaminating genomic DNA was removed by Turbo DNA-free™ kit
Table 2. Primers used in the present study.
P rim e r n am e
PG0120 BamHI F
PG0120 EcoRI R
EryF F ClaI
EryF R ClaI
pepC F
pepC R NotI
kch F NotI
kch R
galK F
galK R NotI
PG1634 F NotI
PG1634 R
pPG0106 F ClaI
pPG0106 R AscI
EryF-AM F SpeI
EryF-AM R XbaI
CP25 F ClaI
CP25 R AscI
BsFbFP F AscI
BsFbFP R SpeI
TetQ F SpeI
TetQ R XbaI
PG0120 AscI F
PG0120 SpeI R
hup1 F
hup1 R
glk F
glk R
a

Primer sequence 5’-3’ a
ATATAGGATCCATGAAAAAAGTGATGTTGGTC
CTATGAATTCATCTTCGGCTAAATGCATCG
CCACCATCGATCGATAGCTTCCGCTATTGC
CCACCATCGATGTTTCCGCTCCATCGCCAATTTGC
CAAGCAAAGCTTTATCGCATCCATCAAGGACA
CTTATTGCTGCTGTTGCCTGGCGGCCGCCCCGATTAAATACATTGGC
GCCAATGTATTTAATCGGGGCGGCCGCCAGGCAACAGCAGCAATAAG
GAAGTAAGCTTGTTGGGGTTGGATTGATTTG
TAAACAAGCTTAGTCCTGCGAAAATGTGGTC
CCACTATCTCTTCCGTTCGGGCGGCCGCGAGTGCCGGCATATCCTCT
AGAGGATATGCCGGCACTCGCGGCCGCCCGAACGGAAGAGATAGTGG
GATCAAAGCTTTCGGTATGCTGACCTTCCTT
CCAAATCGATGAAACTCGCTCGAATG
TAACAGGCGCGCCATCCGCCCGTCTTC
GGGGACTAGTCCGATAGCTTCCGCTATTG
GTCGACTCTAGAGGATCCCCGAAGCTGTCAGTAGTATACC
GCCATATCGATGCATGCGGATCCCATTATG
CCTTTAGGCGCGCCCTTAATTTCTCCTC
GAAGGAGGCGCGCCATGGGCAGCAGCCATCATC
GAATTCACTAGTTTACATAATCGGAAGCACTTTAAC
GGGGACTAGTTAAATTTAAATATAAACAAC
CCCCTCTAGAGTCTATTTTTTTATTGCCAAG
GAATATAGGCGCGCCATGAAAAAAGTGATGTTGGTC
CTATACTAGTATCTTCGGCTAAATGCATCG
GAAAAGGCCAACCTCACAAA
TCCGATGAGAGCGATTTTCT
ATGAATCCGATCCGCCACCAC
41
GCCTCCCATCCCAAAGCACT

Restriction sites are indicated in bold
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(Ambion, Austin, USA). mRNA was then reverse transcribed using the
Fermentas first-strand cDNA synthesis kit (Fermentas GmbH, St. Leon-Rot,
Germany) according to the manufacturer's protocol. The synthesized cDNA
was further analyzed using Real-Time PCR with gene-specific primers on an
ABI Prism 7000 Sequence Detecting System (Applied Biosystems,
Nieuwerkerk a/d lJssel, the Netherlands). Gene expression was normalized
to the expression of glucokinase (glk), amplified with primers glk F and glk R
(table 2) (40). The relative hup-1 expression levels of W83 from three
independent experiments were compared in duplicate to those of the epsC
mutant.

P. gingivalis serotyping
Serotyping of P. gingivalis was based on the detection of the six
described K-antigens (8,9). In short, serotype-specific, polyclonal antisera
were obtained after immunization of rabbits with whole bacterial cells of the
six P. gingivalis type strains (42). Bacterial antigens for double
immunodiffusion tests were prepared as described previously (8).
Immunodiffusion was carried out in 1% agarose (Sigma Chemical Co., St.
Louis, MO, type 1, low EEO) in 50 mM Tris-HCl buffer (pH 8.6). 10 µl
antiserum and 10 µl of antigen were loaded and allowed to diffuse and
precipitate for 48 hours at room temperature.

India ink negative staining
P. gingivalis cells were taken from 4 day-old plates and resuspended in 1
ml of PBS. On a glass slide 10 µl of this suspension was mixed with 10 µl of
India ink (Talens, Apeldoorn, the Netherlands) and using another glass slide
a thin film was made. The film was air-dried. A drop of 0.2% fuchsine was
carefully added onto the film and removed after 2 minutes by decanting.
Then the film was air-dried. Pictures were taken with a Leica DC500 camera
on a Zeiss Axioskop using phase-contrast.

Percoll density gradient centrifugation
Percoll density gradients were in principle prepared as described by
Patrick and Reid (24). In short, a 9:1 stock solution of Percoll (Pharmacia,
Biotech AB, Uppsala, Sweden) was prepared with 1.5 M NaCl. Solutions
containing 80, 70, 60, 50, 40, 30, 20 and 10% Percoll in 0.15 NaCl were
prepared from the stock. In an open top 14 ml polycarbonate tube (Kontron
instruments, Milan, Italy) 1.5 ml of each of the solutions was carefully
layered on top of the previous starting with 80%. 1 ml of an anaerobically
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A
galK

PG1634

pCP25

AnFP

pepC

kch

pPG0106

eryF

tetQ

B
ClaI
5’

AscI
promoter

SpeI
AnFP

antibioticr

3’

ampr

Figure 3. Building blocks used for construction of pINT plasmids. A.
The blue arrows represent the IGR-flanking 5’ and 3’ regions used for
integration. Orange arrows represent the promoters. In green the AnFP
gene is depicted and in red both antibiotic resistance cassettes are
shown. The crosses represent the eight combinations that can be made.
B. The final make-up of the pUC19-based integration plasmids pINT1pINT8 constructed from the building blocks shown above
grown over night culture of wild type and the epsC mutant concentrated to
an OD690 of 4 in PBS was added to the top of the 10% layer and
centrifuged for one hour at 8000 × g at 20°C in a Centrikon TST 41.14 rotor
(Kontron instruments, Milan, Italy) using a Centrikon T-1170 (Kontron
instruments, Milan, Italy) centrifuge.

Hemagglutination of P. gingivalis
W83 and the EpsC mutant were cultured anaerobically for 1, 2 or 3 days
at 37ºC. The cells were washed three times in PBS and the OD600 was set to
1 using PBS. A serial dilution of this suspension was made in PBS. 50 µl of
the 1:8 – 1:16384 dilutions was used to add to 50 µl of 0.8% PBS-washed
sheep erythrocytes in a 96-well-U-bottom plate (Costar, Cambridge, cat. no.
3799). The plate was incubated at 37ºC for 1 hour and then at 4ºC over
night.

Hydrophobicty of P. gingivalis
W83, the epsC mutant and the complemented mutant were grown 18
hours in BHI+H/M. The bacteria were washed twice in PBS after which the
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Figure 4. Cloning steps used for construction of the integration
plamsids pINT1 to pINT8. A. Construction of pGP and pPK plasmids
carrying homologous integration fragments 5’ (galK or pepC) and 3’
(PG1634 or kch) (I) amplified and sewed together using PCR. (II) The
sewed blunt fragments were ligated into pJET1.2/blunt. (III) The HindIIIdigested 5’-3’ fragments were ligated into HindIII-digested pUC19 yielding
(IV) pGP or pPK. B. Construction of pCA-Tet, pCA-Ery, pPA-Tet, pPAEry. (I) Ligation of a promoter PCR fragment into pGEM-T easy yielding
pGEM-pCP25 or pGEM-pPG0106. (II) Into these plasmids an AscI-SpeI
digested AnFP PCR fragment was ligated to yield plasmids pPA and
pCA, (III) which then are digested with SpeI to ligate an SpeI-XbaIdigested resistance cassette (tetQ or eryF) into, (IV) yielding pCA-Tet,
pCA-Ery, pPA-Tet and pPA-Ery. C. Integration plasmids pINT1-8 were
constructed by ligation of the NotI-digested expression cassettes into the
NotI-linearized plasmids. Black ovals represent plasmid backbones.

OD600 was set to 0.5. After addition of 150 µl n-hexadecane to 3 ml of this
suspension the mix was vortexed 30 seconds, rested for 5 seconds and
vortexed for 25 seconds. After exactly 10 minutes incubation at room
temperature a sample was taken to measure the OD600 of the aqueous
phase. The percentage of bacteria adhered to hexadecane was calculated
by the formula: (OD600 before-OD600 after)/ OD600 before × 100%. Data were
collected from two experiments using triplicate measurements.

Construction of pINT-plasmids
The building blocks to construct the integration plasmids pINT1-8 (figure
3) include two promoters pCP25 and pPG0106, an anaerobic fluorescent
protein gene, two antibiotic resistance cassettes tetQ and eryF and two 5’
and 3’ homologous recombination fragments flanking IGR1 and IGR2 for
insertion into the P. gingivalis genome (figure 2). The cloning strategy which
is followed is described below and schematically presented in figure 4.

PCR amplifications
pCP25 was amplified by PCR from plasmid pDM35r (CP25 F ClaI x CP
25 R AscI). pPG0106 (pPG0106 F ClaI x pPG0106 R AscI) and all four
homologous recombination fragments (pepC F x pepC R NotI, kch F NotI x
kch R, galK F x galK R NotI and PG1634 F NotI x PG1634 R) were amplified
by PCR from P. gingivalis W83 genomic DNA. EryF was amplified from
plasmid pEP4351 (EryF-AM F SpeI x EryF-AM R XbaI) [17]. TetQ was
amplified from pT-COW (TetQ F SpeI x TetQ R XbaI) [17]. For amplification
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Table 3. Expected fragments sizes of the final integration plasmids
after EcoRI digestion.
Plasmid
Fragments and sizes
pINT-1

5 fragments: 3191bp, 2053bp, 1029bp, 572bp and 486bp

pINT-2

4 fragments: 3191bp, 2591bp, 572bp, 486bp

pINT-3

5 fragments: 3191bp, 2053bp, 1029bp, 869bp, and 486bp

pINT-5

5 fragments: 3203bp, 2053bp, 1029bp, 572bp and 548bp

pINT-6

4 fragments: 3203bp, 2591bp, 572bp and 548bp

pINT-7

5 fragments: 3203bp, 2053bp, 1029bp, 869bp, and 548bp

of fragments by PCR the proofreading Pfu polymerase (Fermentas, GmbH,
St. Leon-Rot, Germany) was used except when cloning to pGEM-T easy is
described. Then Taq polymerase (Fermentas, GmbH, St. Leon-Rot,
Germany) was used to make use of the additional A-overhang for easy
cloning. In all cases the reactions was performed according to the
manufacturer’s protocol. Primer names and sequences used to amplify each
target fragment are listed in table 1.

pGP and pPK construction
The IGR-flanking 5’ and 3’ regions were amplified using primers allowing
sewing PCR by an extension of the primer with the reverse and complement
sequence of the accessory fragment. The primers also contained an
integrated NotI restriction site for insertion of the expression cassettes later
in the cloning procedure.
After amplification of the IGR-flanking 5’ and 3’ regions as mentioned in
figure 3b, these fragments were PCR-cleaned (Qiagen Benelux BV) and 1 µl
of each was used in a sewing PCR using the forward primer of the 5’
fragment with the reverse primer of the 3’fragment. The products with the
expected sizes of about 1 kb were isolated from gel (Qiagen Benelux BV)
and ligated into vector pJET1.2/blunt (Fermentas, GmbH, St. Leon-Rot,
Germany). After HindIII digestion the 1 kb fragment was ligated into the
dephosphorylated HindIII-digested pUC19, yielding pGP and pPK.

pCA-Tet, pCA-Ery, pPA-Tet and pPA-Ery construction
The pCP25 and pPG0106 fragments were separately cloned into pGEMT easy yielding plasmids pGEM-pCP25 and pGEM-pPG0106 respectively,
which were then AscI-SpeI digested. The AscI-SpeI digested AnFP fragment
was ligated into the plasmids to yield pCA and pPA respectively. After SpeI
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Figure 5. Hydrophobicity of P. gingivalis strains. Percentage of bacterial
cells adhered to hexadecane after extensive vortexing and 10 minutes
incubation. 3.4%, 61% and 19% of the cells was adhered to hexadecane for
W83, the epsC mutant and the complemented mutant respectively,
indicating increased hydrophobicity for the epsC mutant. The data are the
averages of two experiments comprised of triplicate measurements. The
bars show the standard deviations.
digestion of the plasmids the SpeI-XbaI digested eryF and tetQ antibiotic
resistance cassettes were ligated yielding the four plasmids pPA-Tet, pCATet, pPA-Ery and pCA-Ery.

Construction of integration plasmids pINT1-pINT8
The four expression cassettes from the above mentioned plasmids were
cut out by a NotI digestion to be ligated into the NotI linearized plasmids
pGP and pPK. The ligation then yields eight integration plasmids carrying
expression cassettes with AnFP under control of two promoters which can
be selected for with two different antibiotics after integration in two distinct
IGRs in the P. gingivalis genome. The plasmids could then be checked by a
digestion using EcoRI yielding fragment sizes as mentioned in table 3.

47

Chapter 2

Figure 6. Double immunodiffusion analysis of autoclaved supernatants
of P. gingivalis strains. Samples of W83, the epsC mutant and the
complemented mutant were tested against the K1-specific antiserum (central
well). Note that the white precipitate indicating recognition of CPS with the
antiserum is absent in case of the epsC mutant, whereas the intact epsC
copy restores the wild-type K1 antiserum recognition in the complemented
mutant.

Results
EpsC mutant construction
After transformation of the linearized plasmid p∆EpsC to P. gingivalis
W83 the epsC insertional mutation was confirmed by specific PCR
amplifications and agarose gel electrophoresis of the products (data not
shown). Primer combinations PG0119 F × epsC BamHI R and EryF F ×
epsC EcoRI R (table 1) ensured that a 1.2 Kb fragment of p∆EpsC had been
integrated by double crossover at PG0120 (epsC) as expected, replacing the
intact copy with the insertionally inactivated copy (figure 1).
To examine if the mutation had an influence on the growth characteristics
of the epsC mutant both W83 and the epsC mutant were grown in brain
heart infusion broth supplemented with hemin (5 µg/ml) and menadione (1
µg/ml) (BHI+H/M). Phase-contrast microscopy revealed that the mutant
grows in aggregates, but no difference in growth rate was observed.

EpsC mutant characterization
The potential polar effect of the insertional inactivation on the down
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W83
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Figure 7. A representative picture of hemagglutination patterns of W83
and the epsC mutant. Serial dilutions of 2-days-old P. gingivalis cell
suspensions of OD600= 1 with 0.8% sheep erythrocytes. Note that for both
strains the 128 times dilutions are the last dilutions to show a positive
reaction.
stream gene of epsC named hup-1 was examined. Total RNA was extracted
from W83 and the epsC mutant in the early exponential phase and the hup-1
expression levels were evaluated by Real-Time PCR. No significant
difference in expression of hup-1 was found between W83 and the epsC
mutant (data not shown).To show the effect of capsule-loss on the surface
structure of P. gingivalis the hydrophobicity of the epsC mutant was tested
by the capacity to adhere to hexadecane. While 3% of W83 cells was shown
to adhere to hexadecane more than 60% of the epsC mutant cells was
adhered to hexadecane. Cells from the complemented mutant again showed
a much lower adherence to hexadecane of 19% (figure 5).
Reactivity with the CPS-specific polyclonal rabbit antisera against P.
gingivalis serotypes K1-K6 (8,9) was examined for W83, the epsC mutant
and the complemented mutant. The epsC mutant was not recognized by any
of the antisera including the K1 antiserum, whereas the wild type strain was
only recognized by the K1 antiserum as expected (figure 6). Introduction of
an intact epsC gene copy into the epsC mutant restored the recognition by
the K1 antiserum. In hemagglutination tests no differences could be seen
between W83 and the epsC mutant (figure 7).
Differences in CPS characteristics were also studied by Percoll density
gradient centrifugation, which can reveal density differences between
encapsulated and non-encapsulted bacteroides strains (24). Percoll density
gradient centrifugation analyses of W83 and the epsC mutant showed that
the density of the mutant had been changed (figure 8). Where W83 mostly
settled at the 20-30% interface, the epsC mutant settled at the 50-60%
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Figure 8. Percoll density gradient centrifugation of W83 and epsC
mutant. 1 ml of a OD690 = 4 suspension of overnight-grown P. gingivalis was
layered on top of a stepwise Percoll gradient (10-80%) and centrifuged at
8000 x g for one hour. The gradient is visualized using fuchsine-stained
layers in the marker (M).W83 reproducibly settles in the interfaces of 1020%, 20-30% and 30-40% where most of the bacterial material is found in
the 20-30% interface. The epsC mutant settles as a distinct, granulous band
at the 50-60% interface.
interface. Note that the appearance of W83 is diffuse and not restricted to
the 20-30% interface. The mutant settles as a compact and granulous layer.
To conclusively examine the absence of CPS in the epsC mutant, light
microscopy was performed using India ink in combination with fuchsine
staining (figure 9). The negative India ink staining allows direct visualization
of the capsule, appearing as a light halo surrounding the P. gingivalis cell.
Fuchsine is used to stain the cell body. The halos around the W83 wild type
strain are clearly visible in the phase contrast microscopic
picture, whereas halos are absent around the epsC mutant. The intact epsC
gene in trans under control of the CP25 promoter rescues the wild-type
phenotype enabling the complemented mutant to produce capsule again.

Integration plasmids
The construction of the pINT constructs was performed as described
above and restriction checks were performed to ensure their integrity. From
the 8 possible plasmids 6 were successfully constructed in the course of this
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Figure 9. Negative capsule staining of fuchsine-stained P. gingivalis
cells with India ink. Phase contrast microscopic picture at a 1000x
magnification of (A) W83 wild type strain, (B) epsC mutant and (C) the
complemented epsC mutant in an India ink preparation which reveals the
capsule as a white halo (arrow). The inset shows an extra six times
magnification.
study, e.g. pINT1, pINT2, pINT3, pINT5, pINT6 and pINT7. The digested
plasmids showed the expected restriction patterns after EcoRI digestion as
mentioned in table 1. Next to that a PCR screening with a promoter-specific
forward primer and an IGR1- or IGR2-specific primer was performed to
check for the orientation of the expression cassette as inserted between
IGR1 and IGR2, the homologous regions for recombination into the P.
gingivalis genome.
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IGR2
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5 Kb
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2 Kb
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Figure 10. Agarose gel analysis to check for integration of a subset of
pINT plasmids. Wild type IGR1 and IGR2 PCR fragments are roughly 1 Kb.
After integration of the pINT constructs the same primer combinations yield a
product of roughly 4.2 Kb for pINT2 and pINT6, 4.5 Kb for pINT5 and 4.8 Kb
for pINT3. M: GeneRuler 1 kb DNA Ladder
When the plasmids were transformed to W83 electrocompetent cells
transformation efficiencies were found to be low. 7 to 14 transformants were
recovered after transformation of 300 ng of linearized plasmid DNA, whereas
the survival of the competent W83 cells could not be calculated as non
selective plates were full with colonies.
After transformants were grown for at least 1 week, colonies were picked
and streaked onto a new selective plate containing either 5 µg/ml
erythromycin or 1 µg/ml tetracycline. First a fluorescence microscopic
examination was performed, as the newly introduced plasmid DNA contains
an expression cassette carrying a fluorescent protein encoding gene. No
fluorescence was detected.
To check if the transformants contained the expected linearized plasmid
DNA PCR’s on genomic DNA were performed in which a distinction between
wild type and transformed situation could be made by a clear size difference
of the PCR product. IGR1 and IGR2 or the insertional replacements were
amplified by using primers galK F x PG1634 R and pepC F x kch R
respectively. The wild type situation yielded products of about 1 Kb and the
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transformed situation yielded fragments of 4.2 Kb to 4.8 Kb depending on
the construct (figure 10). Integration of pINT1 and pINT7 also yielded the
expected 4.5 Kb and 4.8 Kb fragments respectively (data not shown).

Discussion
This study was initiated to develop tools for use in P. gingivalis capsule
studies. The first goal was to make a non-encapsulated isogenic mutant
from an encapsulated strain which is only affected in a single gene. We
chose epsC, which is the last gene at the 3’-end of the CPS biosynthesis
locus. EpsC is present in P. gingivalis strains of different serotypes. The
Listeria monocytogenes homologue lmo2537 has been shown to be
essential for survival and has been suggested to be involved in the
maintenance of cell shape by providing a precursor of the teichoic acid
linkage unit that serves as an acceptor for the main teichoic acid chain
assembly [18]. Here we show that by insertion of an eryF resistance
cassette we were able to inactivate epsC, showing the gene not to be
essential for survival in P. gingivalis. The insertional inactivation did not have
a polar effect on hup-1, the gene downstream of epsC, as was shown by
gene transcription analysis using real-time PCR.
The epsC mutant was shown to be nonencapsulated by double immunodiffusion, density gradient centrifugation and India ink staining.
Hemagglution was shown not to be influenced by capsule-loss, whereas
hydrophobicity was strongly influenced. Complementation resulted in rescue
of wild-type K1 capsule biosynthesis. Although the exact role of EpsC
remains to be elucidated, this finding provides evidence that EpsC is
essential in P. gingivalis CPS biosynthesis.
We can conclude that this epsC mutant is an excellent tool to study the
involvement of CPS in virulence. Infection experiments comparing
encapsulated wild type and non-encapsulated mutant are now feasible as
will be described in chapter 4.
The construction of integration plasmids pINT1-8 resulted in six broadly
applicable plasmids carrying AnFP expression cassettes. Although no
expression of the anaerobic fluorescent protein could be detected by
fluorescence microscopy, the integration of the expression cassettes into the
genome of P. gingivalis was successful as found by PCR analysis. The
plasmids in which the constitutive promoter pCP25 or the potential CPS
promoter pPG0106 and AnFP can easily be exchanged for any other
promoter or gene are a useful tool in P. gingivalis research. Examples of
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potential applications are foreign protein expression, promoter studies but
also complementation without the need for antibiotics pressure.
Real-time PCR studies on the expression levels of the neighbouring
genes will have to be performed to make sure that the insertions into the
IGRs do not influence their transcription.
Finding a fluorescent marker that can be expressed in P. gingivalis would
broaden the potential application of these plasmids with biofilm and mixed
culture studies. Very recently SNAP-tag-mediated live cell labelling was
reported for P. gingivalis [19]. This labelling is based on SNAP26b a protein
which covalently binds a fluorescent dye added to the medium. It was shown
to be suitable for studying a dual species biofilm. In combination with the
constitutive trxB promoter this would make a great candidate for use in the
pINT plasmids described here. The ideal fluorescent marker would however
not need a substrate for fluorescence.
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Abstract
Porphyromonas gingivalis is a Gram negative obligate anaerobe that is
strongly associated with severe periodontitis. Previous reports showed an
association of P. gingivalis capsular polysaccharide with virulence. The K1
capsular polysaccharide was found to be more immunostimulatory than the
other serotypes. Our objective was to explore the genetic background of the
capsule biosynthesis (K-antigen) locus in a representative group of K1
serotype strains.
We used restriction fragment length polymorphism, polymerase chain
reaction (PCR) and DNA sequencing to study the capsular polysaccharide
locus in P. gingivalis K1 strains. For serotyping by double immunodiffusion
and PCR we used 32 strains of P. gingivalis, including strains of all six
known K serotypes.
All tested K1 strains showed high conservation of the capsular
polysaccharide locus, although a DNA re-arrangement was found in two
strains. Based on this information a K1-specific PCR-based serotyping
assay was designed. The specificity and sensitivity of this test were
confirmed using non-K1 P. gingivalis serotypes.
The new K1 serotyping assay presented here is much faster than double
immunodiffusion and can detect K1 strains in a very selective and sensitive
way. When using complex patient samples K1 strains are also detected.
This method may therefore be clinically relevant in the detection of the
virulent P. gingivalis K1 serotype.

Introduction
Periodontitis is an inflammatory disease of the tooth-supporting tissues
that is caused by dental plaque bacteria. The disease is characterized by
inflammation of the gums and loss of alveolar bone. It is a multifactorial
disease in which host genetic traits and behavioral factors, such as smoking,
are considered as risk factors. Periodontitis has been associated with
cardiovascular diseases [1,2], preterm low birth weight [3,4] and preeclampsia [5,6]. Among the great number of dental plaque bacteria, the
Gram negative, often encapsulated, strict anaerobe, Porphyromonas
gingivalis, is strongly associated with the disease [7,8]. The pathogen
displays a wide variety of virulence factors, including Arg-gingipains and Lysgingipains, fimbriae, haemagglutinins, lipopolysaccharides and capsular
polysaccharides [9].
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Mouse model studies have shown that encapsulated P. gingivalis strains
are more virulent than nonencapsulated strains [10–14). Encapsulated
strains cause spreading infections, whereas nonencapsulated strains tend to
cause localized abscesses [13). The capsular polysaccharide is believed to
function as an immunogen [15,16] because mice, immunized with purified
capsular polysaccharide, are protected from oral bone loss after a challenge
with P. gingivalis.
To date, six capsular serotypes (K1–K6) have been described [17,18],
which have been examined for prevalence in periodontitis patients and for
virulence in a mouse model [11,19]. A seventh serotype (K7) has been
suggested by R. E. Schifferle [personal communication). Currently, little is
known about the differences in capsular polysaccharide structure between
serotypes. A recent study reported on murine peritoneal macrophages that
induced more chemokine expression when challenged with P. gingivalis K1
serotype capsular polysaccharide [W50 and W83) than when challenged
with capsular polysaccharide of other serotypes. In addition, it was shown
that these chemokines also contributed to the migration of
polymorphonuclear leukocytes [20]. This demonstrates that the K1 capsular
polysaccharide plays an important role in host–pathogen interaction.
Previously, Farquharson and co-workers, and Schifferle and co-workers,
showed that the sugar composition of K1 (W50) and K3 (A7A1-28) serotype
capsular polysaccharide is totally different [21,22]. The K1 strains may
therefore have a capsular structure that is more immunostimulatory than the
other P. gingivalis serotypes.
Little is known about the genetic background of capsule biosynthesis in
P. gingivalis, but publication of the genome sequence of the K1 strain, W83,
has provided new insights and has revealed at least four potential capsular
polysaccharide biosynthesis loci [23]. Further genetic information was
obtained from a comparison of the encapsulated W83 K1 and the
nonencapsulated ATCC33277 strains by whole-genome analysis. Strain
ATCC33277 was found to lack a cluster of open reading frames (PG0106–
PG0120) that is believed to be involved in capsular polysaccharide synthesis
in W83. This finding is the first evidence to indicate that this set of open
reading frames is a potential genomic capsular polysaccharide biosynthesis
locus [24]. The experimental evidence came from a recent study in which
Aduse-Opoku and co-workers [25] identified the capsular polysaccharide
locus of P. gingivalis by making mutants that lacked several genes from the
PG0106–PG0120 locus. These mutants lack a capsule and no longer
showed reactivity with the K1 antiserum [25]. Restriction fragment length
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polymorphism of the capsular polysaccharide locus suggested that there is
strong variation between serotypes, but only little within serotypes. This
potential variation in gene content between the serotypes in the capsular
polysaccharide locus may be used to explain the differences in sugar
contents of the serotypes.
The genetic locus for capsule biosynthesis has been described and the
first functional studies of the genes have been performed [25,26]. Little
variation in the capsular polysaccharide locus within a serotype was
suggested. Considering the clinical relevance of accurate K1 serotyping, a
more detailed knowledge of the capsular polysaccharide locus is warranted.
Therefore, the aim of the current study was to examine the homogeneity in
the capsular polysaccharide biosynthetic locus of a significant number of K1
serotype strains by restriction fragment length polymorphism typing and
gene-specific polymerase chain reactions (PCRs). This detailed examination
of the K1 capsular polysaccharide biosynthesis locus allowed us
subsequently to develop a PCR-based serotyping method to identify the K1
P. gingivalis serotype.

Material and Methods
Bacterial physiology and maintenance
Strains that were used in this study are described in table 1. All
P. gingivalis strains were isolated from patients with moderate to severe
periodontitis. These strains were grown either on 5% horse blood agar
plates (Oxoid no. 2; Oxoid, Basingstoke, UK) or brain–heart infusion broth,
both supplemented with hemin (5 µg/mL) and menadione (1 µg/mL), in an
anaerobic atmosphere of 80% N2, 10% H2 and 10% CO2. Escherichia coli
DH5α was used for maintenance of plasmids. E. coli DH5α was cultured in
Luria–Bertani broth or on solid medium (Luria–Bertani broth with the addition
+
of 1.5% agar). Ampicillin (Na salt; 100 µg/mL) was added to the growth
media to select for pUC-derived plasmids.

Genomic DNA isolation from P. gingivalis
Genomic DNA from P. gingivalis strains was isolated from plate-grown
bacteria using the DNeasy tissue kit (Qiagen Benelux BV Qiagen GmbH,
Hilden, Germany). The DNA concentration of all samples after purification
was between 20 and 60 ng/µL.
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Table 1. Strains used in the present study.
P. gingivalis
serotype
K1

Strains
W83 a,W50a, 22KN6-12b , HG1633, HG1634, HG1636,
OMGS1577 c, OMGS1578 c, OMGS1746 c, OMGS2104 c,
165Pg1

K2

HG184, AJW5 d

K3

A7A1-28 (ATCC53977), CLN17-6-1

K4

ATCC49417, HG1703, 103Pg2, VAT22.051,
VAT22.800, VAT23.032, VAT23.457, VAT24.674

K5

HG1690, HG1704

K6

HG1691, HG1705

K7

34-4 d

K-

FDC381 e, HG1638, HG1695

All strains were from our own collection except for:
a
A kind gift of H. N. Shah (NCTC, London, UK)
b
A kind gift of A. Nagata (School of Dentistry, Tokushima University, Tokushima City,
Japan).
c
A kind gift of G. Dahlén (Laboratory for Oral Microbiology, The Sahlgrenska Academy at
Göteborg University, Göteborg, Sweden).
d
Isolated in collaboration with the Department of Oral Biology, School of Dental Medicine,
SUNY at Buffalo, Buffalo, NY, USA.
e
A kind gift of S. S. Socransky (The Forsyth Institute, Boston, MA, USA).

Restriction fragment length polymorphism
Genomic DNA from P. gingivalis K1 strains was isolated as described
above. DNA was purified by an extra ethanol/NaCl precipitation to yield
concentrated DNA with a 260/280 nm ratio of 1.9 or higher. Extensor hifidelity PCR master mix (ABgene House, Surrey, UK) was used to amplify a
15.4 kb DNA fragment, corresponding to the capsular polysaccharide locus
region PG0106–PG0120, using the primers PG0106F3 and PG0117R3 [25].
The PCR was performed in a Dyad Disciple thermocycler (MJ Research,
Waltham, MA, USA) using the PCR program 92°C for 2 min followed by 10
cycles at 92, 55 and 68°C for 10 s, 30 s and 12 min, respectively, and then
20 cycles at 94, 55 and 68°C for 10 s, 30 s and 12 min (+10 s/cycle),
respectively, followed by a final step at 68°C for 7 min. Amplicons were
purified and concentrated by ethanol/NaCl precipitation and dissolved in TE
(10 mM Tris, 1 mM EDTA) buffer (pH 8). One microgram of DNA was
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restricted with 10 U of BglII. (New England Biolabs Ltd., Herts, UK). The
restriction patterns were then analyzed by electrophoresis on a 1% agarose
TBE (100 mM Tris, 1 mM EDTA, 90 mM boric acid) gel in the presence of
ethidium bromide.

P. gingivalis serotyping
Serotyping of P. gingivalis was based on the detection of the six
described K-antigens [17,18]. In short, serotype-specific, polyclonal antisera
were obtained after immunization of rabbits with whole bacterial cells [27] of
the six P. gingivalis type strains. Bacterial antigens for double
immunodiffusion and immunoelectrophoresis tests were prepared as
described previously [17].

Gene-specific PCR reactions
In addition to the restriction fragment length polymorphism analysis, we
used gene-specific primers (table 2) for the 13 genes in the capsular
polysaccharide locus to confirm the presence of the expected genes in the
K1 test strains. A standard PCR setup was used, in which Taq DNA
polymerase (Fermentas GmbH, St Leon-Rot, Germany) was used to amplify
genes from 100 ng of genomic DNA. The program started with an incubation
at 95°C for 5 min and then 30 cycles of incubation at 95, 55 and 72°C for
30 s, 30 s and 2 min, respectively, and ended by one incubation step at
72°C for 5 min. The amplicons varied in length from 0.5 to 1.7 kb.

DNA sequencing and analysis
Two, 2.4-kb BglII fragments of the PCR amplicons of K1 strains
OMGS1577 and OMGS2104 were isolated from a 1% TAE (40 mM Trisacetate, 10 mM EDTA) agarose gel using a gel extraction kit (Qiagen
Benelux BV), purified by ethanol precipitation and ligated into a BamHIdigested pUC19 cloning vector using T4 DNA ligase (Fermentas GmbH).
The constructs were transformed into E. coli DH5α using a Electro Cell
Manipulator 600 (BTX Instrument Division, Holliston, MA, USA; 25 µF,
2.5 kV, 200 Ω). The plasmids were isolated using a QIAPrep spin miniprep
kit (Qiagen Benelux BV). The inserts were completely sequenced using the
primers MF, MR, PG0114FW Seq and PG0114R Seq. Sequencing was
carried out with BigDye 3.1 terminator chemistry (Applied Biosystems,
Nieuwerkerk a/d lJssel, the Netherlands) and resolved using a 48-capillary
ABI PRISM 3730 (Applied Biosystems) DNA sequencer. Analysis of the
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Table 2. Primers used in the present study.
Nam e
PG0106 F
PG0106 R
PG0108 R
PG0108 F
PG0109 F
PG0109 R
PG0110 F
PG0110 R
PG0111 F
PG0111 R
PG0113 F
PG0113 R
PG0114 F
PG0114 R
PG0115 F
PG0115 R
PG0116 F
PG0116 R
PG0117 F
PG0117 R
PG0118 F
PG0118 R
PG0119 F
PG0119 R
PG0120 F
PG0120 R
PG0106F3
PG0117R3
Sero0116F2
Sero0116F3
Sero0117F1
Sero0117F2
Sero0117R2
Sero0117R3
Sero0118R2
Sero0118R3
Sero0118R4
MF
MR
PG0114FW Seq
PG0114R Seq
PgF
PgR

Sequence (5'–3')
CGGGGATCCATG GGGTATGTTATTGAAG
CGAAGTCGA CTCAGACA CATCCCCTTTTGC
AGCCGTCGACCGTTTTTGGGAAGATATTTCCTTATT
GCAATGAATTCTGCCAAAAGTGGAATAGAAGTATTAGGG
CCCAGGATCCATGAGAGGCTATTTAGGTTA
TGGGGTCGACCTAAGCCCCCGATAAAAAGC
GATAGGATCCATGTATCAATTGCTTTTTATC
GTATGTCGACCGGTA GGAGGCATTATTAAGCA
GAAGTGGATCCATGCTTAATAATGCCTCCTACCG
CTATAGGAATTCTCATCAGCACACGATTAGCC
GATCTGGATCCATGTTCCTAAAGAAACTTTC
CCTGGTCGA CTGCCA TACAGGCTCATATAGTCCA
TAGATGAATTCGA TGAAGCAGATACTATGCACAC
CTACGTCGA CGAGCTTCTATGAACTAATTACAAACCA
CATAGGATCCATGCTTAATGCAATTTATTTTTAC
GTTCGAATTCGGTTTTAAGTTTG AGGAATGATGC
TAAGGGAATTCCA TGTTAGCATCATTCCTCAAAC
ATACTGTCGA CTG CACTATTGGTCGTTCGAG
GAAAGGATCCGTGGAGACTTCTCGAACGACC
GAGTGGAATTCGGATGCTTGTTGTTCATAGGG
TTAAGGAATTCA ATGATTATCCCTATGAACAACAAGC
TACATGTCGA CTTGCCTATTTTCTAATCTTCTTCCA
GAGAGGGATCCA TGCA GCAGATATTATTAGG
CAGGGAATTCCCAACATCACTTTTTTCATGG
ATATAGGATCCATGAAAAAAGTGATGTTGGTC
CTATGAATTCATCTTCGGCTAAATGCATCG
ATTTCAGGGATGGGCAGAAG
GCATCGA GTAAGAGCATCCG
AAGAGCTAACGGGGGACATT
CAAATGAAGCCTGGCCTTAG
TTTTTGCTATTTGCGCTCCT
GACCAAAGGGCTACAGATGG
CTGCAAAGATCTGGGGGATA
CCGTAGCTATCCCCATCTCA
ATCGCAAATCA TTCCGCTAC
CCTTGCGTAATTTG GCTCAT
GCATGGTATTTCCCA ACAGC
TTTCCCAGTCACG ACGTTG
GGATAACAATTTCACA CAGG
CCGTTTTGGCGGA ATAAGTA
TCGTCGATTCTTGA AA CGTG
GCGCTCAACGTTCAGCC
CACGAATTCCGCCTGC

sequence data was performed using the VECTORNTI software package
(Invitrogen, Breda, the Netherlands).

K1 serotype-specific PCR method
Eight primer combinations (Sero0116F2 × Sero0117F3, Sero0116F3
× Sero0117R2, Sero0116F3 × Sero0117F3, Sero0117F1 × Sero0118R2,
Sero0117F1 × Sero0118R4,
Sero0117F2 × Sero0118R2,
Sero0117F2
× Sero0118R3 and Sero0116F3 × Sero0118R3; table 2) were designed in
the variable 3'-region of the P. gingivalis capsular polysaccharide locus at
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PG0116, PG0117 and PG0118. The shortest expected fragment was about
0.3 kb and the longest was 2.0 kb. A standard PCR setup with a 72°C
elongation step of 3 min was used, in which Taq DNA polymerase
(Fermentas GmbH) was used for amplification from 100 ng of genomic DNA.
The positive control used in this experiment was a 68 bp fragment of the 16S
rDNA of P. gingivalis (primers PgF and PgR, table 2). The PCR products
were analyzed by electrophoresis on a 1% agarose TBE gel in the presence
of ethidium bromide.

Pre-treatment of patient samples for K1-specific PCR
DNA isolated routinely for periodontitis diagnostics was used for the K1
specific PCR directly, but RTF samples had to be pre-treated in the following
way. After centrifugation of the samples for 1 minute at 20.000 x g the pellet
was resuspended in TE buffer (10 mM. Tris, 1 mM EDTA, pH 8.0). Then,
after boiling in a microwave for 1 minute, the sample was used as a PCR
template in the K1 specific PCR reaction

PCR-based serotyping of K1 P. gingivalis strains
We designed a primer set – PG0117F2 with PG0118R3 (table 2) – on the
basis of sequencing results which showed that the combination of PG0117
and PG0118 is only present in K1 strains (W50 and W83) and not in AJW5
(K2), HG1703 (K4), HG1690 (K5) and HG1691 (K6) [24; J. Aduse-Opoku,
personal communication]. This set was used for all strains to test the
sensitivity and specificity for K1 strains of P. gingivalis. A standard PCR
setup was used, in which Taq DNA polymerase (Fermentas GmbH) was
used to amplify fragments from 100 ng of genomic DNA. The program
started with an incubation at 95°C for
5 min and then 30 cycles of incubation at 95, 55 and 72°C for 30, 30 and
90 s, respectively, and ended with a final incubation at 72°C for 5 min. The
expected amplicon size was 629 bp. A P. gingivalis-specific PCR on 16S
rDNA was included as a positive control using primers PgF and PgR. The
expected size of this amplicon was 68 bp in all P. gingivalis strains [28]. The
amplicons were analyzed by agarose gel electrophoresis in the presence of
ethidium bromide.
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Figure 1. Restriction fragment length polymorphism analysis of the
15.4 kb capsular polysaccharide loci of ten K1 strains. The figure shows
a 1% agarose gel of BglII-digested amplicons of strains W83 (lane 1), W50
(lane 2), HG1631 (lane 3), HG1633 (lane 4), HG1634 (lane 5), HG1636
(lane 6), OMGS1577 (lane 7), OMGS1578 (lane 8), OMGS1746 (lane 9) and
OMGS2104 (lane 10). M denotes the lane containing the GeneRuler™ DNA
Ladder Mix (Fermentas GmbH, St Leon-Rot, Germany).

Results
Homogeneity of the capsular polysaccharide locus in
K1 strains
It was possible to amplify the K-antigen locus from all K1 strains tested in
this study using the primers PG0106F3 and PG0117R3. Each strain yielded
an amplicon of about 15.4 kb (data not shown). After BglII restriction of the
amplified DNA fragments, the restriction fragment length polymorphism
patterns of all K1 strains were similar to that of the sequenced W83 strain
(figure 1). Strains OMGS1577 (Japanese periodontitis isolate) and
OMGS2104 (Chinese periodontitis isolate) showed a slightly different pattern
in that both strains seemed to have one shifted band. Because both strains
showed reactivity with K1 antiserum (figure. 2), these strains were expected
to contain the genes found in the capsular polysaccharide locus of W83
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Figure 2. Double immunodiffusion analysis of autoclaved supernatants
of P. gingivalis strains OMGS1577 and OMGS2104, and K1 strain W83
(outer wells), with the K1-specific antiserum (central well).

Presence of capsular polysaccharide locus genes in
K1 serotype strains
We performed gene-specific PCRs on each of the 13 potentially
functional K-antigen biosynthesis locus genes to study if all genes of the
sequenced W83 strain (figure 3) are present in all K1 strains. Almost all
genes could be detected by the gene-specific PCR method (table 3). Only in
the case of strains OMGS1577 and OMGS2104 was additional evidence
needed to examine whether all expected capsular polysaccharide
biosynthesis genes were present. The small restriction fragment length
polymorphism difference detected (figure. 1) was caused by the presence of
a 2.4 kb fragment instead of a 1.7 kb fragment found in the typical K1 strains
(i.e. strains W83, W50, HG1631, HG1633, HG1634, HG1636, OMGS1578
and OMGS1746 that display matching restriction fragment length
polymorphism patterns). The organization of the capsular polysaccharide
locus of strains OMGS1577 and OMGS2104 was elucidated by extra genespanning PCR reactions and after cloning and sequencing of the shifted
2.4 kb restriction fragment length polymorphism fragment. The analysis
revealed that the fragment consisted of part (746 bp) of the PG0113 gene,
the complete PG0114 gene, an unknown 122 bp fragment and a 570 bp
fragment with high homology (> 95%) to the capsular polysaccharide
biosynthesis locus of strain FDC381 [25] (figure. 4).

66

CPS locus analysis & K1-specific PCR

Figure 3. Gene-specific polymerase chain reaction (PCR) amplifications
of K1 serotype P. gingivalis strain W83. The figure shows a 1% agarose
gel of fragments amplified from genomic DNA. The numbers 106–120 refer
to the amplified capsular polysaccharide biosynthesis genes with TIGR
identification code PG0106–PG0120. M denotes the lane containing the 1 kb
marker (Fermentas GmbH, St Leon-Rot, Germany).

K1 serotype-specific PCR
The combination of primer Sero0117F2 with Sero0118R3 was chosen
from the eight primer sets because that primer combination yielded the best
amplification of fragments in a small pilot experiment with K1 strains (data
not shown). This PCR reaction yielded the expected 630 bp product with all
11 tested K1 serotype strains but not with any of the other P. gingivalis
strains tested (figure. 5).

K1-specific PCR on complex patient samples
From 175 samples tested by the K1 specific PCR 5 samples were
positive, which is 2.9% of the P. gingivalis positive samples. In parallel all
samples tested positive were cultured on blood agar plates and P. gingivalis
strains were then serotyped using double immuno-diffusion to confirm the K1
serotype identity. From all five samples a K1 strain could be isolated.
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Table 3. Amplified DNA fragment lengths using gene-specific primers
of capsular polysaccharide locus genes of P. gingivalis.
Gene in locus

Gene fragment length of

Gene fragment length of

Gene fragment length of

typical K1 strains (bp)

stra in OMGS1577 (bp)

strain OMGS2104 (bp)

PG0106

1150

1150

1150

PG0108

1100

1100

1100

PG0109

1200

1200

1200

PG0110

1050

1050

1050

PG0111

1250

1250

1250

PG0113

850

850

a

PG0114

1150

1150

PG0115

450

450

850
a

1150a
450

b

1200b

PG0116

1200

1200

PG0117

1600

1600 b

1600b

PG0118

1050

1050

1050

PG0119

700

700

700

PG0120

1150

1150

1150

The typical K1 strains are W83, W50, HG1631, HG1633, HG1634, HG1636, OMGS1578 and
OMGS1746.
a
This was concluded after combining results from polymerase chain reactions (PCRs) with
primers for genes upstream and/or downstream of the target genes (thereby spanning these
genes), restriction fragment length polymorphism analyses and DNA sequencing.
b
This was concluded from PCRs with primers for genes upstream and/or downstream of the
target genes.

Discussion
The aim of this study was to investigate in more detail the capsular
polysaccharide biosynthesis locus in K1 P. gingivalis strains. Our interest
was to study the homogeneity of thepreviously described capsular
polysaccharide biosynthesis locus in strains of the K1 serotype of P.
gingivalis and to explore the possibility of developing a K1-specific PCR
method. Significant heterogeneity between different P. gingivalis serotypes
was found in a previous study using restriction fragment length
polymorphism [25]. The data suggested, however, that the K1 serotype
locus may be relatively homogenous.To establish the homogeneity of the
K1-capsular polysaccharide locus we used restriction fragment length
polymorphism to type a significant number of K1 strains. We found that all
strains tested had an identical restriction fragment length polymorphism
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Fig. 4. Schematic representation of the capsular polysaccharide
biosynthesis genomic locus of P. gingivalis W83. The grey arrows
represent the genes found in typical K1 strains. The small black arrows
depict the primers used for amplification of the 15.4 kb fragment of the locus.
The BglII restriction sites are shown as small vertical lines below the
horizontal line that indicates the amplified fragment. The fragment sizes are
shown in base pairs. In the box: the differences found in strains OMGS1577
and OMGS2104. An insertion of gene PG1205 including upstream sequence
was found in these strains just upstream of gene PG0115. Also, the BglII
restriction site in PG0117 was absent
pattern, except for the strains OMGS1577 and OMGS2104. The small
difference that was observed in these strains was caused by the presence of
a 2.4 kb fragment instead of the 1.7 kb fragment typically found in K1 strains.
This fragment was further analyzed by sequencing. The analysis revealed
that the fragment consisted of part of the PG0113 gene, the PG0114 gene
and part of the PG1205 gene. This latter open reading frame was identical to
the PG1205 gene that was found previously in the nonencapsulated strain,
FDC381, and the protein is homologous (59% identity, 77% similarity) to
DNA-binding proteins of the histone family. It was suggested that this gene
might disrupt the transcription of the 3' end of the capsular polysaccharide
biosynthesis locus, thereby having a negative effect on capsular
polysaccharide expression [25]. However, when we combined the results
from the restriction fragment length polymorphism and sequencing, it was
found that in strains OMGS1577 and OMGS2104, PG1205 is located
between genes PG0114 and PG0115. So, our data indicate that in these
strains the locus arrangement is the same as in strain FDC381, which does
not support the suggestion that PG1205 interferes with downstream
transcription, as both strains display a K1 serotype. Besides insertion of an
extra gene, a restriction site was lost in gene PG0117 in these two strains.
As the inserted PG1205 carries a BglII restriction site, the restriction
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Fig. 5. Serotype-specific polymerase chain reaction (PCR) for K1
strains of P. gingivalis. (A) Amplification of a 630 bp fragment using
primers sero0117 F2 and seroO118 R3 of 32 P. gingivalis strains including
all serotypes. W83 (lane 1), W50 (lane 2), HG1631 (lane 3), HG1633 (lane
4), HG1634 (lane 5), HG1636 (lane 6), OMGS1577 (lane 7), OMGS1578
(lane 8), OMGS1746 (lane 9), OMGS2104 (lane 10), 165Pg1 (lane 11),
HG1695 (lane 12), HG1638 (lane 13), HG91 (lane 14), HG184 (lane 15),
HG1644 (lane 16), HG1025 (lane 17), HG1648 (lane 18), ATCC49417 (lane
19), HG1703 (lane 20), VAT22.051 (lane 21), VAT22.800 (lane 22),
VAT23.032 (lane 23), VAT23.457 (lane 24), VAT24.674 (lane 25), 103Pg2
(lane 26), HG1690 (lane 27), HG1704 (lane 28), HG1691 (lane 29), HG1705
lane (30), 34-4 (lane 31) and no-template control (lane 32). (B) of a 68 bp
16S rDNA fragment using the primers PgF and PgR as a positive control.
Arrows point to the expected fragments sizes of 630 and 68 bp for A and B
respectively. M denotes the lane containing the GeneRulerTM DNA ladder
mix (Fermentas GmbH, St. Leon-Rot, Germany)

fragment length polymorphism pattern, which actually changed significantly,
appears similar to the typical K1 strain pattern.
To study the capsular polysaccharide K1 locus in greater detail, we
performed gene-specific PCR reactions on ten K1 strains of P. gingivalis.
These PCR reactions supported the restriction fragment length
polymorphism results and endorsed the previous results in finding only little
variation within the K1 serotype. All genes that were found in the capsular
polysaccharide biosynthesis of the sequenced K1 strain, W83, were also
found in the nine other strains.
Having recognized gene structure homogeneity within the K1 strains we
continued with the development of a PCR-based serotyping method for K1.
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Based on differences that can be found in the 3' end of the capsular
polysaccharide biosynthesis locus [25] in different serotypes, we started with
eight primer sets in genes PG0116, PG0117 and PG0118. The selected
method is specific for the genes PG0117 and PG0118 positioned next to
each other in the same orientation. We have shown that the sensitivity of this
PCR, using primers Sero0117F2 with Sero0118R3, is optimal as our PCR
detected all K1 strains. We analyzed the specificity of our method by PCR
amplification reactions on the DNA of 32 P. gingivalis strains. The primers
are optimally specific, as none of the non-K1 strains showed any reactivity.
Interestingly, the nontypeable strain, HG1695, was included in this
experiment. Our K1 PCR method did not detect this strain as a K1 strain,
although in previous studies it was shown to have a restriction fragment
length polymorphism pattern identical to the typical K1 strains [25]. This
finding, of a similar capsular polysaccharide locus organization to the K1
strains but a difference in PG0117–PG0118, might indicate that either
PG0117 or PG0118 genes, or both, are specifically important in the
biosynthesis of the K1 antigen. PG0117, a flippase involved in
polysaccharide biosynthesis, was absent in strains HG1703 (K3) and
−
FDC381 (K ) [25], and thereby potentially K1 specific, but a mutation in this
gene did not alter the serotype. PG0118, coding for a glycosyl transferase, is
absent in HG1703 and has less than 65% identity with PG0118 (W83) in
strain FDC381. These observations, combined with the specificity of the
PCR based on PG0118 presented here, suggest that this gene is essential
in defining K1 serospecificity. It was demonstrated in vitro that the K1
serotype capsular polysaccharide has a more challenging effect on
macrophages and polymorphonuclear neutrophils than other serotypes [20]
and hence plays an important role in host–pathogen interactions. The
deduction of PG0118 as K1-essential, and the availability of an
uncomplicated K1-specific serotyping assay, may be of clinical relevance.
Screening of patient samples for the presence of K1- P. gingivalis by the
newly developed PCR method yielded a prevalence of 2.9%. This is
comparable with the 3.7% found in the same type of population by double
immunodiffusion using a K1 antiserum [19]. Using this quick serotyping
method in combination with analyses of severity and progression of the
disease, may lead to more insights of the role of K1 serotype P. gingivalis
strains in peridontitis.
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Abstract
Periodontitis is a bacterial infection of the periodontal tissues. The Gram
negative anaerobic bacterium Porphyromonas gingivalis is considered a
major causative agent. One of the virulence factors of P. gingivalis is
capsular polysaccharide (CPS). Non-encapsulated strains have been shown
to be less virulent in mouse models than encapsulated strains.
To examine the role of the CPS in host-pathogen interactions we used
the epsC mutant, the W83 wild type strain and the complemented mutant to
challenge human gingival fibroblasts to examine the immune response by
quantification of IL-1β, IL-6 and IL-8 transcription levels. For each of the
cytokines significantly higher expression levels were found when fibroblasts
were challenged with the epsC mutant compared to those challenged with
the W83 wild type, ranging from two times higher for IL-1β to five times
higher for IL-8.
These experiments provide the first evidence that P. gingivalis CPS acts
as an interface between the pathogen and the host that may reduce the
host's pro-inflammatory immune response. The higher virulence of
encapsulated strains may be caused by this phenomenon which enables the
bacteria to evade the immune system.
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Background
Porphyromonas gingivalis is a major pathogen in destructive periodontal
diseases including chronic and aggressive periodontitis that are
characterized by breakdown of the tooth-supporting tissues [1-3]. P.
gingivalis is a black pigmented, often encapsulated, strict anaerobic, Gram
negative coccobacillus that occurs in the human oral cavity.
Among the variety of virulence factors that have been described for P.
gingivalis, CPS has shown to be a major factor in experimental infections.
Studies in a mouse infection model have revealed that encapsulated P.
gingivalis strains are more virulent than non-encapsulated strains [4-7]. Nonencapsulated strains mostly cause non-invasive, localized abscesses
whereas encapsulated strains cause invasive, spreading phlegmonous
infections after subcutaneous inoculation of experimental animals.
Six distinct capsular serotypes have currently been described (K1-K6)
[8,9] and a seventh serotype (K7) has been suggested by R. E. Schifferle
(personal communication). Small differences in virulence have been found
between capsular serotypes and strong variation in virulence has been
described between strains of the same capsular serotype [10]. CPS of all
serotypes has been tested for induction of immunological responses in
macrophages and it has been revealed that the CPS of K1 serotype strains
induces higher chemokine expression in murine peritoneal macrophages
than the other serotypes [11]. These data suggest that the K1 CPS plays an
important role in host-pathogen interaction. The chemical composition of the
K1 CPS has been studied to a limited extent. It has been reported that the
CPS of K1 (strain W50) comprises of mannuronic acid (ManA), glucuronic
acid (GlcA), galacturonic acid (GalA), galactose and N-acetylglucosamine
(GlcNAc), but the CPS structure has not been solved [12].
Although CPS is a major structure at the interface between the bacterial
cell and the host, the exact role of P. gingivalis CPS is not yet clear.
Adhesion to epithelial cells has been shown to be higher for nonencapsulated P. gingivalis and the level and mechanism of co-aggregation
has been shown to be CPS dependent [5,13,14]. In many pathogens CPS
has been found to be involved in evasion of the host immune system by
circumvention of phagocytosis, opsonization and complement killing [15-17].
The aim of this study was to investigate in vitro differences in host
response during infection with a wild type and an isogenic non-encapsulated
mutant of a naturally encapsulated strain. The well-studied K1 serotype W83
strain was used as the wild type strain since its CPS biosynthesis locus has
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been described [18,19]. Its non-encapsulated insertional epsC mutant
described in chapter 2 of this thesis was used as well as its complemented,
encapsulated, counterpart.
The epsC mutant is tested in a fibroblast infection model [20] since
fibroblasts are the most abundant stromal cells in soft connective tissue of
the gingiva [21] and among the first cells encountering periodontal infections
by anaerobic bacteria like P. gingivalis. And above all, fibroblasts have been
shown to be involved in the immune response in periodontitis [22,23].
Human gingival fibroblasts were infected with W83 and the epsC mutant and
complemented mutant. Transcription of IL-1β, IL-6 and IL-8 was determined
as host response parameters. This study provides the first direct evidence
that P. gingivalis CPS reduces the host immune response, thereby
potentially enabling evasion of the immune system to sustain successful
long-term infection.

Results
Sedimentation
To ensure that the tested strains have the same chance to get in contact
with the fibroblasts seeded on the bottom of a flask a sedimentation
experiment was performed. Sedimentation of the epsC mutant in
comparison to W83 was analyzed in the same buffer as used in the infection
experiments. No significant sedimentation differences were found between
W83 and the epsC mutant within the 6 hours needed for infection of the
fibroblasts (data not shown).

Survival
Since infections were done with viable P. gingivalis, survival of the
bacteria during the 6-hour aerobic period of infection in DMEM medium had
to be ensured. Therefore a 6-hour survival experiment was performed in the
24-well plates used for the fibroblast challenge. On average 60-75% of W83,
epsC mutant and complemented mutant cells survived for 6 hours in
Dulbecco's modified Eagle's Medium (DMEM; Sigma Chemical Co.)
supplemented with 10% fetal calf serum (FCS) (figure 1).
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Figure 1. 6-hour survival of W83, the epsC mutant and the
complemented mutant in aerobic experimental conditions. Survival of
W83, the epsC mutant and the complemented mutant in 0.5 ml DMEM +
10% FCS under humidified 5% CO2 in air conditions was determined by cfucounts on BA + H/M plates. Survival was 67%, 60% and 73% for each strain
respectively. Error bars represent the standard deviations of triplicate
measurements.

Fibroblast response to P. gingivalis challenge
To study the effect of the lack of CPS on the host immune response six
hour infection studies of human gingival fibroblasts with W83 and the epsC
mutant were performed. Figure 2 shows IL-1β, IL-6 and IL-8 expression of
infected gingival fibroblasts relative to the non-infected negative control
which is set to 1 and normalized against expression of housekeeping gene
GAPDH.
At multiplicity of infection (MOI) 1000:1 of both strains a small induction of
the tested genes could be detected compared to the non-infected control,
but significant induction for all three genes was found when MOI 10.000:1
was used for infection. At MOI 1000:1 IL-6 and IL-8 expression showed a
significantly higher induction (150-fold and 37-fold induction respectively) in
the cells challenged with the epsC mutant when compared to the wild-type
(6-fold and 2-fold induction respectively), IL-1β did not show a difference
compared to the wild-type. However, when gingival fibroblasts were
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Figure 2. Relative expression of IL-1β, IL-6 and IL-8 genes in human
gingival fibroblasts (HGF1) infected with P. gingivalis W83 and the
epsC mutant. After a 6-hour challenge with P. gingivalis cells at MOI 1000:1
or 10.000:1 as indicated on the Y-axis, the expression levels of IL-1β, IL-6
and IL-8 in human gingival fibroblasts were measured using RT-PCR and
represented as a relative value compared to a non-infected control sample
which is set to a value of 1. Significant differences p<0.01 are indicated by
an asterisk.

challenged with MOI 10.000 bacteria all three tested genes showed a
significantly higher induction in the cells challenged with the epsC mutant
than with W83 (figure 2).
A separate experiment which also included the complemented mutant
showed that when fibroblasts were challenged with the complemented
mutant the response was almost completely restored to wild-type levels
(figure 3).

Discussion
The aim of this paper was to understand the role of P. gingivalis CPS in
the response of human gingival fibroblasts P. gingivalis CPS has been
regarded as an important virulence factor. It has been shown to induce
inflammatory mediators in in vitro studies [11]. The capsule also plays an
important role in shielding of immune response inducers in several bacterial
species [25-27]. Since a distinct CPS biosynthesis locus in P. gingivalis has
been described and shown to be functional [18,19], studying the role of P.
gingivalis CPS in the immune response by use of a mutant became feasible.
For this purpose the non-encapsulated epsC mutant was constructed
(chapter 2) to block capsule synthesis.
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Figure 3. Effect of complementation of the epsC mutant on the immune
response mutant of human gingival fibroblasts (HGF2). After a 6-hour
challenge with P. gingivalis cells at MOI 10.000:1, the expression levels of
IL-1β, IL-6 and IL-8 in human gingival fibroblasts were measured using RTPCR and if possible represented as a relative value compared to a noninfected control sample which is set to a value of 1. Relative IL-1β
expression could not be calculated as IL-1β was not detected in the noninfected control. Complementation almost restored the wild-type situation for
IL-1β (83%), IL-6 (83%) and IL-8 (77%)
The epsC mutant was expected to have altered immunological
properties. To examine the role of CPS, both the wild-type and the epsC
mutant were used in an in vitro challenge of primary human gingival
fibroblasts. Since the epsC mutant has altered physical properties, it was
important to compare the sedimentation rate and viability of both the wild
type and the mutant strain since these could have influenced the amount of
living bacterial cells that are in contact with the fibroblasts. No differences
were observed between the strains during the 6 hours of infection.
From the infection experiments of the gingival fibroblasts it became
apparent that pro-inflammatory mediators IL-1β, IL-6 and IL-8 expression
levels were up-regulated after a 6-hour challenge with both wild-type W83
and the epsC mutant in comparison to the non-infected control, especially
when MOIs of 10.000:1 were used.
A challenge with the epsC mutant induced a significantly higher proinflammatory immune response than a challenge with the wild type W83, as
shown by IL-1β, IL-6 and IL-8 gene expression. So, even though purified P.
gingivalis CPS has been shown to stimulate pro-inflammatory cytokine
expression in murine peritoneal macrophages [11] the absence of capsule
induces extra cytokine induction when viable P. gingivalis cells were used to
challenge fibroblasts.
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Capsular polysaccharides of several bacteria have been implicated in
down-regulation of pro-inflammatory cytokine production, including Klebsiella
pneumonia [29]. Bacteroides fragilis capsular polysaccharide complex has
been shown to induce IL-10 expression, a regulating cytokine which may
cause suppression of the immune system [30].
An explanation of our results may be that the CPS prevents more potent
immune inducers to be recognized by Toll-like receptors on the fibroblasts. It
has been shown that the capsular antigen in Salmonella typhi, referred to as
Vi-antigen, is able to prevent Toll-like receptor 4 recognition of LPS, thereby
reducing expression of pro-inflammatory TNF-α and IL-6 [31-33]. In E. coli
the capsule may cover short (10 nm) bacterial adhesins, which do not
penetrate the 0.2-1.0 µm capsular layer, preventing them from being
recognized by the immune system [26]. Likewise, P. gingivalis strain W83
was described as to have a small amount of short fimbriae that might be
mostly covered by the CPS [34].
Another or additional explanation of our findings could be immune
suppression by P. gingivalis CPS, meaning that CPS would actively
modulate the immune response of the fibroblasts, leading to lower
inflammatory cytokine expression levels, potentially enabling P. gingivalis to
evade the immune system.
For several bacteria it has been described that capsular biosynthesis can
be modulated depending on environmental conditions [35,36]. Although
presently no regulation of P. gingivalis capsule expression has been
described, we can not exclude the possibility that in the in vivo situation
capsule expression is regulated. However, the reduced pro-inflammatory
host's immune response by the encapsulated strain may explain the
documented differences between natural P. gingivalis strains in spreading.
Whereas non-encapsulated strains are tackled directly by the immune
system in localized abscesses, the more virulent encapsulated strains can
evade this defense and cause phlegmonous infections [4-7].

Conclusions
The absence of CPS results in increased induction of IL-1β, IL-6 and IL-8
in human gingival fibroblasts upon in vitro infection with viable P. gingivalis
cells. P. gingivalis CPS acts as a functional interface between the pathogen
and the host. The CPS-related reduced pro-inflammatory response may
explain why naturally non-encapsulated strains cause localized abscesses
and encapsulated strains spreading phlegmonous infections.
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Methods
Bacterial maintenance
P. gingivalis strains were grown either on 5% horse blood agar plates
(Oxoid no. 2, Basingstoke, UK) supplemented with hemin (5 µg/ml) and
menadione (1 µg/ml) (BA+H/M plates) or BHI+H/M, both, at 37°C in an
anaerobic atmosphere of 80% N2, 10% H2, and 10% CO2. Mutants were
grown in the presence of 5 µg/ml erythromycin. Complemented mutants
were grown in the presence of and 1 µg/ml tetracycline. Purity of P.
gingivalis liquid and plate-grown cultures was routinely checked by Gram
staining and microscopic examination.

Sedimentation of P. gingivalis
W83 and the epsC mutant were grown anaerobically for 18 hours in
BHI+H/M at 37°C. After 3 wash steps in phosphate buffered saline (PBS) the
OD690 was standardized to 5 in DMEM with 10% FCS. 10 ml of this culture
was added to 40 ml DMEM with 10% FCS in a 100 ml flask to set the OD690
to 1. The cultures were incubated standing still at 37°C for six hours. At
regular time intervals, a 200 µl sample was taken 0.5 cm from the liquid
surface and the decrease of the OD690 values was determined as a
measure for sedimentation.

Survival of P. gingivalis
W83, the epsC mutant and the complemented mutant were grown
anaerobically for 18 hours in BHI+H/M at 37°C. After 2 wash steps in
phosphate buffered saline (PBS) the pellets were resuspended in DMEM
with 10% FCS to an OD690 of 0.05 as used in fibroblast infections at MOI
10.000:1. 500 µl of these suspensions was incubated at 37°C in a humidified
atmosphere of 5% CO2 in air. Samples for cfu-counts were taken at t = 0
hours, t = 3 hours and t = 6 hours and dilutions were plated on BA+H/M
plates.

Human gingival fibroblasts
The gingival fibroblasts (HGF1 and HGF2) used in this study were
collected from extracted third molars of two periodontally healthy subjects
with a high pro-inflammatory immunological response when challenged with
P. gingivalis [20]. Donors had given written informed consent, and the study
was approved by the VUmc Medical Ethical committee.
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Growth curve
Pre-cultures of W83 and the epsC mutant were grown anaerobically for
18 hours in BHI+H/M at 37°C. The pre-cultures were diluted to an OD690 of
0.05 in duplo in fresh BHI+H/M and incubated anaerobically at 37°C. Every
few hours the OD690 was measured and a sample was taken for cfu-counts.

Infection of gingival fibroblasts with P. gingivalis
Bacteria were grown overnight for 18 hours in BHI+H/M. The bacterial
cells were washed three times in PBS and then used to infect gingival
fibroblasts at MOIs of 1000:1 and 10.000:1 (bacteria cells: fibroblasts) in a
total volume of 500 µl DMEM with 10% FCS in 24-well plates. The plates
were incubated for 6 hours at 37°C in a humidified atmosphere of 5% CO2 in
air. The cells were washed twice with cold PBS. Then 350 µl lysis buffer (1%
β-mercapthanol in RLT buffer) was added to the cells according to the
protocol of Qiagen RNeasy® mini kit (Qiagen Benelux B.V.) after which the
plate was stored at -80°C for later use.

RNA isolation and reverse transcription
mRNA was isolated from the gingival fibroblast lysates according to the
®
manufacturer's protocol of Qiagen RNeasy mini kit (Qiagen Benelux B.V.).
The mRNA concentrations of the samples were determined using the
Nanodrop ND_1000 (Isogen Life Science). mRNA was reverse transcribed
using the Fermentas first-strand cDNA synthesis kit (Fermentas GmbH, St.
Leon-Rot, Germany) according to the manufacturer's protocol.

Real-Time PCR
cDNA synthesized from mRNA isolated from gingival fibroblasts after
infection with P. gingivalis was analyzed in quadruple using Real-Time PCR
with gene-specific primers on a ABI Prism 7000 Sequence Detecting System
(Applied Biosystems, Nieuwerkerk a/d lJssel, The Netherlands). Reactions
were performed with 2 ng cDNA in a total volume of 8 µl containing SYBR
Green PCR Master Mix (Applied Biosystems) and 0.99 pM of each primer.
After activation of the AmpliTaq Gold DNA polymerase for 10 minutes at
94°C, 40 cycles were run of a two step PCR consisting of a denaturation
step at 95°C for 30 seconds and annealing and extension step at 60°C for 1
minute. Predicted product sizes were in the 100-200 bp range. Subsequently
the PCR products were subjected to melting curve analysis to test if any
unspecific PCR products were generated. The PCR reactions of the different
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amplicons had equal efficiencies. Samples were normalized for the
expression of housekeeping gene GAPDH, which is not affected by the
experimental conditions, by calculating the ∆ Ct (Ct housekeeping gene - Ct
gene of interest) and expression of the different genes is expressed as 2∆
( Ct). Fold increase in gene expression (induction) was expressed by 2 ∆∆
( Ct), wherein ∆∆Ct = ∆Ctchallenged- average Ct-value non-challenged.

Statistical analysis
Differences in gene induction between multiple groups were tested by
one-way analysis of variance (ANOVA) and Bonferroni's Multiple
Comparison Test. Tests were performed with GraphPad Prism version 4.00
for Windows, GraphPad Software, San Diego California USA. Differences
were considered significant at p < 0.01.
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Abstract
The Gram negative anaerobic bacterium Porphyromonas gingivalis has
long been recognized as a causative agent of periodontitis. Periodontitis is a
chronic infectious disease of the tooth supporting tissues eventually leading
to tooth-loss. Capsular polysaccharide (CPS) of P. gingivalis has been
shown to be an important virulence determinant. Seven capsular serotypes
have been described. Here, we used micro-array based comparative
genomic hybridization analysis (CGH) to analyze a representative of each of
the capsular serotypes and a non-encapsulated strain against the highly
virulent and sequenced W83 strain. We defined absent calls using
Arabidopsis thaliana negative control probes, with the aim to distinguish
between aberrations due to mutations and gene gain/loss.
Our analyses allowed us to call aberrant genes, absent genes and
divergent regions in each of the test strains. A conserved core P. gingivalis
genome was described, which consists of 80% of the analyzed genes from
the sequenced W83 strain. The percentage of aberrant genes between the
test strains and control strain W83 was 8.2% to 13.7%. Among the aberrant
genes many CPS biosynthesis genes were found. Most other virulence
related genes could be found in the conserved core genome. Comparing
highly virulent strains with less virulent strains indicates that hmuS, a
putative CobN/Mg chelatase involved in heme uptake, may be a more
relevant virulence determinant than previously expected. Furthermore, the
description of the 39 W83-specific genes could give more insight in why this
strain is more virulent than others.
Analyses of the genetic content of the P. gingivalis capsular serotypes
allowed the description of a P. gingivalis core genome. The high resolution
data from three types of analysis of triplicate hybridization experiments may
explain the higher divergence between P. gingivalis strains than previously
recognized.
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Background
Periodontitis is a chronic destructive infectious disease of the toothsupporting tissues. It is one of the most prevalent infectious diseases in the
world. With percentages of moderate disease ranging from just below 20%
in an age group of 30 to 40 year-olds in Swedish and Norwegian studies to
even up to 38% of severe cases in the United States in an on average 75
year-old male population [1-3]. Besides high prevalence also links to
systemic diseases have been described. Periodontitis has been associated
with, amongst others, cardiovascular diseases, diabetes mellitus and
rheumatoid arthritis [4-7].
Periodontitis leads to loss of sound teeth as supporting bone and
connective tissue are slowly degraded as a result of an exaggerated host
immune response triggered against a polymicrobial biofilm [8].
In the oral cavity around 7000 species can be detected, in subgingival
and supragingival biofilm/plaque over 400 bacterial species are present [911]. Many disease-related bacterial species in the subgingival plaque have
been shown to be Gram negative anaerobes. Among them, Porphyromonas
gingivalis a black-pigmented bacterium from the phylum Bacteroidetes is a
major causative agent in periodontal disease [12].
Interaction with other bacteria residing in the periodontal pocket is
important to sustain the infectious biofilm. One of the structures involved in
the inter-species adherence is the capsular polysaccharide (CPS) of P.
gingivalis [13]. CPS has been described as a virulence factor of various
pathogenic bacteria, mainly as being involved in evasion of the host immune
system [14-16]. In P. gingivalis encapsulated strains have been shown to be
more resistant to serum killing and phagocytosis. The explanation for this
increased resistance compared to the non-encapsulated strains may be the
increased hydrophilicity and the lower induction of the alternative
complement pathway [17].
Encapsulated P. gingivalis strains have also been shown to be more
virulent than non-encapsulated strains in the mouse infection model [18]. To
date, six capsular serotypes (K1–K6) have been described [19, 20] and a
seventh serotype (K7) has been suggested by R. E. Schifferle (personal
communication). In a mouse subcutaneous infection model several strains of
each of the serotypes have been shown to be highly virulent [18]. The
variation of virulence within serotypes shows that besides CPS there have to
be more virulence factors of importance in P. gingivalis. Many of its virulence
factors have been studied in the last decades including fimbriae,
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hemagglutinins, lipopolysaccharide (LPS), outer membrane proteins (OMPs)
and an extremely wide variety of proteinases. High quality reviews have
been published on the wide variety of P. gingivalis virulence factors [21-23].
Using comparative whole-genome hybridization analysis of the
encapsulated W83 strain and the non-encapsulated ATCC33277 a CPS
biosynthesis locus had been found, after which a knock-out study has
proven that the CPS locus was functional [24, 25]. K1 CPS from W83 has
been shown to induce a stronger chemokine response than CPS from the
other serotypes in murine macrophages [26]. Recent work in our group,
however, has shown that an isogenic W83 mutant lacking CPS triggers a
higher pro-inflammatory immune response in human gingival fibroblasts than
strain W83 carrying K1 CPS [27]. The exact roles of CPS in P. gingivalis are
still unclear, but reducing the host immune response is certainly one of them.
In the latest years an increasing number of genomes have been
sequenced paving the path for genomics-based approaches. For P.
gingivalis genome sequences of the virulent strain W83 and the less-virulent
strain ATCC33277 have become available [28, 29]. Comparative genomic
hybridization (CGH) analysis using microarrays of these well-described
bacterial strains could yield new insights in the virulence mechanisms of P.
gingivalis. A recent study reported on the CGH analysis of several P.
gingivalis strains to describe the genetic variety among them [30].
In this study we analyzed the genetic contents of representative strains of
each of the seven capsular serotypes (table 1): W83 (K1), HG184 (K2),
Table 1. P. gingivalis strains used in this study
Strain

Capsular

c

Origin

Virulence

serotype
a

W83

K1

Clinical specimen

High

HG184

K2

Periodontitis patient

Medium

HG1025

K3

Periodontitis patient with diabetes mellitus

High

ATCC49417 K4

Advanced adult periodontitis patient

High

HG1690

K5

37-year-old male periodontitis patient

High

HG1691

K6

28-year-old female periodontitis patient

Medium

34-4

K7

Severe periodontitis patient

Low

FDC381b

K-

Adult periodontitis patient

Low

a

A kind gift of H. N. Shah (NCTC, London, UK)
A kind gift of S. S. Socransky (The Forsyth Institute, Boston, MA, USA)
c
As determined in a subcutaneous mouse infection model [18, 32]
b
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ATCC53977 (K3), ATCC49417 (K4), HG1690 (K5), HG1691 (K6), 34-4 (K7).
We also included the non-encapsulated strain FDC381 (K-) in the CGH
analysis to compare with each of the encapsulated strains. Strain FDC381
does however express a non-CPS anionic extracellular polysaccharide as do
the other strains [31]. The strains were classified into three virulence levels
as determined by using a subcutaneous mouse infection model [18, 32].
Although not an optimal measure for the ability to cause periodontitis, this
classification has long been used [33] and proven useful in studying
virulence determinants [34-37].
Triplicate hybridization experiments and three types of analysis, 1)
aberrant gene calling, 2) breakpoint analysis and 3) absent gene calling,
have been performed for optimal use of the new genetic information. The
careful design of the experiment and the thorough analysis of the data lead
to a high resolution data set, yielding more detailed information on the
genetic differences between strains than has been shown before. In this
study we initiate the description of a core-gene set of P. gingivalis allowing a
more focused search for potential important virulence factors.

Results and discussion
Microarray performance and data interpretation
The P. gingivalis version 1 microarray from the PFGRC used in this study
has been used in several studies before [30, 38] and consists of 1907
probes and 500 negative control probes (Arabidopsis thaliana) printed in four
replicates. The microarray was designed to cover all non-redundant coding
sequences (CDSs) of the P. gingivalis W83 genome. Before our study all
probes were analyzed for their unique- and perfect matching with the
genome, as downloaded from the NCBI, using BLAST. Twenty-nine of the
1907 probes of the microarray gave non-specific hits, mostly related to
transposases (table 2). These probes were excluded from further analyses
together with four probes that were not in use anymore annotated “obsolete”
by the manufacturer, so that 1874 probes remained. The comparison of
each test strain to W83 using this array gives insights into described
virulence associated genes. A limitation of the method, however, is that
genes from the variable gene pool from other strains will not be detected.
Data were normalized and technical and biological replicates were
collapsed as described in the Materials and Methods. Detailed analysis of
the probe intensities indicated that 22 probes gave systematically low
intensity values for strain W83 as well as for all the other strains. The
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Figure 1 - Hybridization signals of P. gingivalis strains – dead probes.
A. The total intensity distribution of probe signals of W83 DNA hybridized to
the W83 array. The density peak around 7.5 contains the negative controls
(empty spots and A. thaliana probes). The peak around 12 should contain all
present genes in strain W83. B Probe signal intensities of each P. gingivalis
test strain are represented in light blue dots; medium blue dots, slightly
below that, symbolize A. thaliana negative control genes. Dark blue dots
represent P gingivalis probes, which show the same low intensity as the
negative control probes. These 22 probes are called dead probes as they do
not give any significant hybridization signal.
intensity levels were at the same low levels as the intensity levels of the
negative control probes (figure 1). These probes were labeled as “dead
probes” and excluded from the results (table 3). Our data do not explain why
dead probes have occurred in our experiments, but the consistent low signal
for these probes suggests that the sequencing information used for
designing these probes was imperfect.
In order to maximize the mining of the genomic information, we subjected
the data to three complementary analyses: 1) analysis for aberrations as
detected by individual probes, 2) analysis for breakpoints, and 3) analysis for
genomic loss. The rationale behind the three analyses is as follows. The
probed genomic sites are on average 1250 bp apart from each other
(median was 1018), which was not considered to be a high interrogation
density. We therefore decided to analyze each probe individually for
indication that the genomic site interrogated is aberrant from W83.
Deviations from W83 that were detected with a false discovery rate
corrected p-value (FDR) < 0.05 were considered significant. This aberrance
could have occurred due to mutations or loss (or due to W83 gain), and this
was regarded as point-variability between the strains. Nevertheless, if
several neighboring probes indicate aberrations, then this may indicate
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Figure 2. P. gingivalis core genome. Pie diagram representing all probes
included in the results divided into pieces representing the conserved core
genome, aberrant core genome and the variable genes. The percentages
show the proportions of the total of functional probes. 80% of the strain W83
genes is present and conserved among the test strains. 6% of the W83
genes is present but aberrant and 13% of the genes is absent in at least one
of the test strains. Two probes with very low signals were found as nonaberrant but absent.
highly variable regions due to mutations or loss. Hence, a breakpoint
analysis was executed to quantitatively specify such regions. Finally, we
used the negative controls to define absent calls with the aim to distinguish
whether an aberration was found more likely due to mutation or loss. If the
probes that indicated aberrations in the first analysis also showed the same
intensities as the negative controls with FDR corrected p-value < 0.01 (see
M&M), the genomic site was considered as mutated, and otherwise it was
considered as lost. This last analysis enhanced our interpretation of the data
and the definition of the core genome.

P. gingivalis core genome
Research on microbial pathogens is mostly performed to unravel
mechanisms of virulence in order to design effective treatments. Virulence
mechanisms present in all strains of a species are especially attractive. The
description of a core set of genes present in a species is thus a key step for
better understanding. From an analysis of eight P. gingivalis strains we
found that 1476 genes were non-aberrantly present in each of the strains
and 2 hypothetical genes were called absent but non-aberrant (Additional file
1). The conserved core genes make up 80 % of all genes included in this
study. Hence, 20 % (374) of all genes of W83 were aberrant in at least one
of the strains. Core genomes from several bacterial species have been
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described [39-45]. The fraction of a bacterial genome that consists of core
genes depends highly on the amount of strains included to describe the core
genome [43]. The more strains are used, the smaller the core genome will
be. As such, the very well studied Escherichia coli core genome makes up
only 46% of the average E. coli genome. Other bacterial species, including
Gram positives and Gram negatives, have been found to have a core
genome which covers 52% to 85% of a genome [39-45]. The 80% of W83
genes which are part of the conserved core genome can therefore be
understood. It must be clear though that the core genome of P. gingivalis as
described here must be seen as a first step. The core genome will be found
to be smaller as more genetic information on different P. gingivalis strains
will become available.
We could distinguish two gene sets in the aberrant set, namely the
present and absent genes (figure 2). Using aberrance and absent call
analysis we were thus able to describe the P. gingivalis core genome in two
ways. Aberrance represents mutations within the probe sequence, whereas
absent calls represents the total absence of the probe sequence interpreted
as gene absence. The fully conserved P. gingivalis core genome is
comprised of 1476 genes. The variable core genome is comprised of a total
of 1605 genes, which are aberrant, but called present (figure 2). In the
further analyses the conserved core genome was taken as the core genome.
Combining our findings on the core genome with a study describing 1490
conserved CDSs when comparing the genome sequences of W83 and
ATCC33277 [28], makes it tempting to speculate that the core genome as
described here may already be close to its final size. An analysis combining
the conserved CDSs from that study with our 1476 conserved core genes
showed that when strain ATCC33277 is included the core genome size
decreased to 1384 genes.
The conserved core gene set was analyzed for the presence of virulence
genes. When it was analyzed for the presence of the 153 potentially
virulence associated gene set originating from when the genome sequence
of W83 became available (selected by presence of a signal peptide, or
transmembrane domains or by homology to previously described virulence
agents) [29], it was found that 128 genes were present in all strains (figure
3A). Only 25 genes were aberrant in at least one strain, among which 9
usual suspects from the CPS locus, but also four hemagglutinins.
Another virulence gene set was also tested for presence in the conserved
core gene set of P. gingivalis. The set was composed of genes shown to be
up-regulated in infection experiments [46, 47]. Genes up-regulated in an in
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Figure 3. Virulence associated genes in the conserved core genome of
P. gingivalis. A. 153 potential virulence genes from the genome annotation
of W83 combined with the conserved core genome of P. gingivalis [29]. B 39
genes known to be up-regulated during infection combined with the
conserved core genome of P. gingivalis [46, 47]. The number in the
overlapping part of the circles is the number of potential virulence associated
genes that was found in the conserved core genome of P. gingivalis

vitro human epithelial cell infection experiment were combined with a gene
set in vivo up-regulated on protein level in a mouse subcutanuous chamber
experiment to make a set of 39 virulence genes. The former experiment was
chosen as an early response gene set, whereas the latter includes genes
involved in sustaining an infection in vivo. 37 of the 39 virulence genes were
present among the core gene set (figure 3B). The two genes that were not in
the core gene set were a thiol protease (PG1055) [48] and tetR a
transcription regulator (PG1240). The thiol protease is aberrant in each
strain except for strain ATCC49417, from the 16S-23S ISR heteroduplex
type that together with the type of strain W83 has the highest association
with disease [49]. This is another indication that this thiol protease may be
an important determinant in virulence of P. gingivalis. Transcription regulator
tetR was only found to be aberrant in strain FDC381, which is the least
virulent and the only non-encapsulated strain [18, 32].
The analysis of the core gene set shows the presence of almost all
virulence related genes. The genes that are not present in the core genome
may be determinants of the differences in virulence found between the
strains.
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Table 2. Aberrant and absent CDSs of P. gingivalis strains.
Strain

Aberrant

% aberrant

Absent CDS s

% absent

CDSs
HG184

213

11,4

133

7,8

HG1025

214

11,4

135

7,8

ATCC49417

153

8,2

88

4,7

HG1690

187

10,0

107

5,7

HG1691

227

12,1

158

8,5

34-4

207

11,0

126

6,8

FDC381

256

13,7

195

10,5

Strain divergence
The divergences of the test strains were determined by the percentage of
aberrant CDSs from the total number of 1874 CDSs included in this study.
We found 8.2 % to 13.7 % of aberrant genes per strain, with ATCC49417
having the lowest and FDC381 having the highest percentage of aberrant
genes (table 4). These percentages of aberrant genes are higher than the
7 % of aberrant genes from a previous genomic hybridization study on strain
ATCC33277, a close relative of strain FDC381 [25]. From the 64 highly
aberrant genes in ATCC33277 41 genes were included in our study from
which 33 were in the aberrant gene list of strain FDC381. A recent study
reported even lower percentages 0-5.1% of divergence between P.
gingivalis strains [30]. Although they used the same arrays and also used
some identical strains the differences between our data sets were
substantial. We detect a much higher number of aberrant genes probably
because of higher resolution due to the use of three arrays per strain. We
also excluded a set of 55 genes before the analyses (see above) which
further elevated the percentages found in this study.

100

The P. gingivalis core genome

Proteases
P. gingivalis is known to have a vast arsenal of proteases. The main function
of these enzymes is to provide peptides for growth. These peptides can be
derived from host-proteins, involved in defence against pathogens, thereby
potentially disrupting the host immune response. Other proteases degrade
collagen, thereby weakening the tooth-supporting tissues. Proteases have
therefore been regarded as important virulence factors. A selection of 64
proteases/peptidases was made by text searches in the P. gingivalis W83
genome annotation combined with peptidases found in the MEROPS P.
gingivalis peptidase database [50] (http://merops.sanger.ac.uk/index.shtml).
This selection was analyzed for presence in the test strains. From the
analysis it was clear that most proteases, 58 in total, belong to the core gene
set of P. gingivalis. From the 6 non-core protease genes (table 5) tpr was
already mentioned earlier. The gene prtC, a collagenase, was found to be
aberrant only in three strains with medium/low virulence in a subcutaneous
mouse model. Interestingly, in early studies on P. gingivalis virulence one of
the discriminatory factors between virulent and avirulent strains was
described to be collagenase activity, which was found to be low in avirulent
strains [51]. Another non-core protease gene is the well-described rgpA, an
arg-gingipain which has regularly been described as one of the most
important virulence factors of P. gingivalis [52, 53]. RgpA is aberrant in the
highly virulent strain ATCC53977. This finding is however in line with a
murine periodontitis model study in which rgpA was found to be not
important in virulence using P. gingivalis knockouts [34]. From the present
study, however, no hard conclusion should be drawn as no functional
changes have been explored.
Table 3. Non-core protease genes of P. gingivalis.
Gene ID

Annotation

Remark

PG0317

peptidase, M49 family

Aberrant only in 34-4

PG1055

thiol protease

Non-aberrant only in W83 and ATCC49417
(absent in FDC381)

PG1542

collagenase

Aberrant in HG1691, 34-4 and FDC381

PG2024

hemagglutini n protein HagE

Aberrant and absent only in HG1025

PG2115

protease PrtT, degenerate

Non-aberrant only in W83

PG2185

transporter, putative

Aberrant in HG184, HG1025 and FDC381
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Figure 4. CPS biosynthesis locus diversity. A. Heat map showing
presence (green), aberrance (orange) and absence (red) of each gene in
each test strain, showing the variation within the CPS biosynthesis locus.
The CPS locus of the serotype K7 strain 34-4 shows the highest similarity
with the K1 serotype strain W83. B. For each probe in the CPS biosynthesis
locus and for each test strain a log-ratio value compared to strain W83 is
depicted by a data point, supporting the heat map results as shown in figure
4A.

The capsular polysaccharide biosynthesis locus
Analysis of the CPS biosynthesis locus [24] of the test strains revealed a
high variation as seen in figure 4A showing the hybridization log-ratios
against W83. Our interpretation of the log-ratios depicted as a heat map
showing presence, aberrance and absence of each of the CPS-locus genes
is shown in figure 4B. Only PG0106 and PG0108 show no divergence in any
strain and are thus among the core gene set as described earlier. The other
genes in the locus show at least some aberrance. PG0117 and PG0118 are
called absent in each test strain as concluded from our hybridization
experiments. This supports the choice of these genes to design a K1-
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Figure 5. Highly variable regions of P. gingivalis. Breakpoint analysis of
test strains describing potential lacking genomic regions as positioned on the
W83 genome sequence. Black lines depict breakpoint data. As long as the
line is flat there is low variability of the test strain compared to W83. Dips in
the line indicate variability. Blue lines/rectangles below depict potential
absent regions. At the top the probe positions are given as described in the
W83 genome [29]. The numbers at the bottom label the 10 highly variable
regions in each strain which are explained in the text. CRISPR represents a
region of interest with CRISPR associated genes as described in the text.

specific PCR for serotyping in our group [54]. All test strains are found to be
aberrant for at least 8 genes, except strain 34-4 (K7) which only shows
aberrance in 5 genes. These findings may suggest that the different capsular
serotypes can be highly variable in structure and that K7 CPS may share
more common elements with the K1 type of CPS than the other test strains.

Highly variable regions
An analysis was performed to calculate the chance that certain genetic
regions of the W83 genome are missing in the test strains included in the
hybridization experiments. This was done using breakpoint analysis, which
takes the divergence of neighbouring genes into account. In this analysis 10
highly variable regions were found (figure 5). Three regions, regions 1, 2 and
3, have already been reported earlier based on aberrance in strain
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ATCC33277 [25] (table 6), but only a function for the CPS biosynthesis locus
has been described. The function of the other two may be pathogenicity
islands, although no prove has been reported yet. Region 4 which includes
ragA and ragB is in addition to W83 only present in strain ATCC49417. Both
strains are representatives of the 16S-23S ISR heteroduplex types that have
the strongest association with disease. The other strains lack this region.
This region has also been described as disease related directly by PCR of
subgingival samples [55]. Region 5 includes pgaA, which also has been
described as a virulence determinant [56]. The other highly variable regions
may be involved in virulence, but too little is known to speculate on the
functions.
Another region that was found to be interesting in this analysis is region
PG1981-PG1986 which is comprised of clustered regularly interspaced short
palindromic repeat (CRISPR) associated genes (CAS) [57]. Together with
CRISPRs, located directly downstream of PG1981, these types of genes
have been described as the immune system of bacteria against foreign
DNA, e.g. plasmids and viruses. Recently they also have been described as
a useful tool in epidemiology [58]. Variation is expected to be high in these
regions as they encompass exogenous DNA sequence fragments from
infection events that happened to the strain or its ancestors. Here variation
within the CAS genes is evident, but not as high as the other regions
mentioned in this section.

W83-specific genes
Strain W83 has been described as a highly virulent strain. What makes
this strain special is however not specifically known. The purified CPS of
W83 has been shown to induce a higher immune response than other types
of CPS [26]. Removal of the capsular structure, by genetic interruption of
CPS-biosynthesis, however resulted in a much higher immune response
when infecting fibroblasts with viable P. gingivalis [27]. What this means for
virulence in a mouse model has not yet been addressed. With the data
presented here a more detailed study is possible to find specific traits that
make W83 different. A list of all genes that are aberrant in each of the test
strains and absent in each of the test strains is presented (see Additional file
2). Among the 65 genes that were aberrant in all test strains there were 10
DNA mobilization genes, 5 DNA modification genes, 3 CPS biosynthesis
genes, 2 carbohydrate metabolism genes, 2 transcriptional regulator genes,
2 lipoprotein genes and 36 (conserved) hypothetical protein genes. From
this gene set 39 genes were W83-specific as they were absent in each of
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Table 4. Genes only aberrant in the non-encapsulated strain FDC381.
Gene ID

Annotated function

PG0183

lipoprotein, putative

PG0204

hypothetical protein

PG0300

TPR domain protein

PG0492

hypothetical protein

PG1119

flavodoxin, putative

PG1199

hypothetical protein

PG1200

hypothetical protein

PG1373

hypothetical protein

PG1466

hypothetical protein

PG1467

methlytransfe rase, UbiE-COQ5 family

PG1473

conjugati ve transposon protein TraQ

PG1685

hypothetical protein

PG1711

alpha-1,2-mannosidase family protein

PG1777

conserved hypothetical protein

PG1786

hypothetical protein

PG1814

DNA primase

PG1969

hypothetical protein

PG1970

hypothetical protein

PG1972

hemagglutini n protein HagB

PG1977

hypothetical protein

PG1978

hypothetical protein

the test strains. In this way the prtT protease gene and a fimbrillin gene
(fimA) were found to be aberrant in all test strains, but not W83-specific as
they were present in one or more test strains. The results for fimA support
the findings that the gene is widely distributed, but variable at the probe
locus among P. gingivalis strains. Many of the genes found in this analysis
are located within the highly variable regions described in earlier publications
using whole-genome analysis. The existence of those regions was
supported by data comparing the genome sequences of P. gingivalis strains
W83 and ATCC33277 [28]. Also in this study we found these regions back in
the analysis as described above

Genes only aberrant in FDC381
FDC381 is the only strain included in this study that does not produce
CPS. It is also the least virulent strain in mouse studies. Here, an analysis
was performed to find genes that are specifically aberrant in FDC381 and
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not in all the other test strains (table 7). Alongside many genes encoding
hypothetical proteins several genes of special interest were found. The
genes PG1711 encoding an alpha-1,2-mannosidase family protein, and
PG1972 encoding the hemagglutinin hagB, all thought to be involved in
virulence either by a role in evasion of the immune system or by a role in
adhesion to host cells [29, 59].
Although these data do not directly show any CPS biosynthesis specific
genes aberrant only in the non-encapsulated FDC381 it does give hints
towards other virulence associated traits that are missing in FDC381.

High versus lower virulence strains
When comparing the core gene set of only the highly virulent strains
W83, HG1025, ATCC49417 and HG1690 with the genes aberrant in each of
the less virulent strains HG184, HG1691, 34-4 and FDC381 an interesting
result was seen. There is only a single gene, hmuS, that is present in all
highly virulent strains but aberrant in each of the less virulent strains. HmuS
is part of the hmuYRSTUV haemin uptake system [60]. Haemin acquisition
is vital for P. gingivalis which makes the haemin uptake and storage system
relevant study objects. Lacking part of an important uptake mechanism could
have consequences for infection and survival. However, in these
experiments no functional differences have been shown.

Conclusions
In this study we analyzed the genetic contents of representative strains of
each of the seven capsular serotypes. Comparative genomic hybridization
shows that gene aberrance among P. gingivalis strains can be up to 13.7 %,
which is higher than previously reported. The P. gingivalis genome is
variable with 20 % of the W83 gene content being aberrant in at least one of
the seven test strains. Analysis of virulence-related genes conservation was
performed; only a few virulence-related genes were shown to be aberrant
among test strains. As could be expected due to the choice of strains it was
found that among the most aberrant virulence genes were the CPS
biosynthesis genes.
In this study we initiated the description of a core genome of the
anaerobic bacterium P. gingivalis, one of the most important causative
agents of periodontitis allowing a more focused search for potential
important virulence factors of which several were identified.
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Methods
Bacterial strains and maintenance
P. gingivalis strains used in this study are listed in table 1, including
serotype, origin and virulence level. P. gingivalis strains were first grown on
5% horse blood agar plates (Oxoid no. 2, Basingstoke, UK) supplemented
with hemin (5 µg/ml) and menadione (1 µg/ml) (BA+H/M plates) at 37ºC in
an anaerobic atmosphere of 80% N2, 10% H2, and 10% CO2. From these
plates 10 ml of liquid brain heart infusion broth supplemented with hemin
(5 µg/ml) and menadione (1 µg/ml) (BHI+H/M) was inoculated and grown
overnight as a pre-culture at 37ºC in an anaerobic atmosphere. From the
pre-culture a 300 ml 1:100 dilution in BHI+H/M was made, which was grown
overnight at 37ºC in an anaerobic atmosphere. The bacteria were washed 3
times in phosphate-buffered saline (PBS) and then pelleted and stored at 80 ºC until DNA isolation was performed.

Microarray design
Whole-genome microarrays made for P. gingivalis strain W83 kindly
provided by the Pathogen Functional Genomics Resource Center (The
Institute for Genomic Research (TIGR), Rockville, MD) were used in this
study. The aminosilane-coated microarrays contain 1,907 70-mer
oligonucleotide probes designed on the 1,990 annotated W83 ORFs as
found by TIGR. Each probe was designed to be unique for an ORF, so
ORFs that were not unique were excluded. The arrays also included 500
Arabidopsis thaliana control probes. Each probe was printed four times on
an array. Specific information about the microarrays can be found at:
http://pfgrc.jcvi.org/index.php/microarray/array_description/porphyromonas_
gingivalis/version1.html.

DNA isolation
P. gingivalis pellets were frozen at -80°C until DNA isolation. Frozen
pellets were ground in liquid nitrogen with a mortar and pestle until a fine
powder was obtained. 500 µl of this powder was transferred to a liquid
nitrogen pre-chilled 15 ml tube. DNA was extracted by addition of 1500 µl
65°C CTAB extraction buffer made to 2% (v/v) 2-mercaptoethanol before
use (100 mM Tris-Cl (pH 8.0), 2.0 M NaCl, 20 mM EDTA, 3% (w/v) CTAB
(H6269, Sigma-Aldrich), 2% (w/v) PVP-40 (PVP40, Sigma-Aldrich); Filter
sterilized and stored at room temperature). After incubation for 30 min at
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65°C with occasional mixing, DNA was extracted with 1500 µl
phenol/chloroform/isoamylalcohol (25:24:1) (pH 7.9) (AM9730, Ambion).
After centrifugation at 6,000xg for 15 min, the aqueous phase was
transferred to a clean 15 ml tube and DNA was precipitated with an equal
volume of ice-cold isopropanol. DNA was pelleted at 6,000 x g for 15 min.
The DNA pellet was washed twice with ice-cold 70% ethanol and
centrifugation at 6,000 x g for 5 min. The remaining liquid was removed by
decanting and the pellet was air dried. This pellet was resuspended in 600 µl
TE and 1 µl RNAse A (10 mg/ml, R6513, Sigma-Aldrich) was added.
Residual RNA was removed by overnight incubation at 37°C and DNA was
re-extracted with an equal volume of phenol/chloroform/isoamylalcohol
(25:24:1) pH 7.9. The aqueous phase was recovered by centrifugation at
6,000 x g for 15 min. The aqueous layer was treated with an equal volume of
chloroform/IAA (96:4) and centrifuged at 6,000 x g for 10 min at room
temperature. The final aqueous phase was treated with an equal volume of
100% ethanol and 1/10 volume of 3M sodium acetate (pH 5.2) and
incubated for 30 min @ -20°C. DNA was pelleted for 15 min at 6,000xg.
Residual liquid was removed and the pellet was washed once with ice-cold
70% ethanol. DNA was pelleted for 5 min at 6,000 x g and the pellet was airdried. The DNA pellet was resuspended in an appropriate volume of TE.
DNA quality was verified with gel electrophoresis (0.5% agarose in TAE).

Genomic DNA labelling, microarray hybridization,
scanning and data extraction
1 µg of genomic DNA was labeled with Cy3 or Cy5 using the CGH
labeling kit for oligo arrays (ENZO Life Sciences). Labeled genomic DNA
was purified with the QiaQuick PCR purification kit (Qiagen). P. gingivalis
(W83) version 1 arrays were obtained from the Pathogen Functional
Genomics Resource Center (PFGRC). Individual arrays were hybridized with
5 µg Cy3- and 5 µg Cy5-labeled material (test strains versus FDC381, which
served as common reference), without dye swap, according to the
Oligonucleotide Array-Based CGH for Genomic DNA Analysis manual
(Agilent Technologies version 5.0). Briefly, labeled DNA was combined with
52 µl 10x Blocking Agent and 260 µl 2x Gex Hybridization Buffer Hi-RPM
(Gene Expression Hybridization Kit, Agilent Technologies) in a total volume
of 520 µl. Hybridization samples were incubated at 95°C for 3 min, spun
down and hybridized at 37°C for 30 min. Samples were spun down and 490
µl of each sample was loaded onto a 1x244k backing in a SureHyb
hybridization chamber (Agilent Technologies) and a P. gingivalis version 1
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array was placed on top. Hybridization was performed at 65°C for 24h and
10 RPM in a hybridization oven (G2545A, Agilent Technologies). After the
hybridization the backings were removed in LSW (2x SSC, 0.1% Sarkosyl
(L9150, Sigma-Aldrich) at room temperature, washed for 5 min at 42°C in
LSW, washed for 10 min at room temperature in HSW (0.1x SSC, 0.1%
Sarkosyl) and finally washed for 1 min at room temperature in FW (0.1x
SSC). Each array was dipped 5 times in H2O and quickly submerged in
isopropanol. Microarrays were spun dry for 1 min at 232xg and scanned on
an Agilent G2505B scanner at 5 µm resolution and data was extracted with
Feature Extraction version 9.5.3.1. (Protocol GE2-NonAT_95_Feb07).

Experimental design and microarray data analysis
Each strain was cultured in triplicate, in three experimental batches. DNA
isolations and hybridizations were therefore performed three times for each
strain, each being a biological replicate analyzed in one experimental block.
On each array four technical replicate spots were spotted.
After log2 transformation, the data was normalized by a global Lowess
smoothing procedure, omitting the probes with highly divergent intensities
because of the bias they induced. A mixed ANOVA model (as described in
[61]) with group-means-parameterization was used to normalize the data
and collapse the technical and biological replicates. The gene specific model
was:

y iklmn = µ + τ i + ρ + S k + Al + Bm + ε iklmn
yijklmn represents log2 expression intensities, µ is the gene specific mean,
τ represents fixed strain effects (i = 1, …, 8), ρ is an indicator variable
indicating the common reference, S represents random spot effects (j = 1,
…, 96), A represents random array effects (i = 1, …, 24), and B represents
experimental batch effects (m = 1, …, 3). Normalized average (Cy5)
intensities for each strain were calculated as yi* = µ + τi and normalized
average log2-ratio’s with respect to W83 were calculated as Yi* = τi - τ1, for
each i ≠ 1 (which represents W83).
Hence, each strain was compared with W83, and deviations in log2ratio’s were interpreted as aberrations. Given j genes divergence from zero
were modelled as posterior probabilities of change under a mixture model,
2
where non-divergent Yij* ~ N(0,si ) and divergent Yij* follows a uniform
distribution [62].
Highly variable regions due to mutations or loss were quantified
according to [63], using their GLAD (Gain and Loss Analysis of DNA)
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package with default parameter settings. Finally, we used the negative
control probes from Arabidopsis thaliana to define absent calls with the aim
to quantify whether an aberration was found more likely due to mutation or
loss. The distributions of intensities suggested a distinguishable mixed
distribution of intensities from probes interrogating present genes (high) and
probes interrogating absent genes (low; figure 1). Given j probes, probe
intensities were modelled using a standard Gaussian mixture model where
2
probes interrogating present genes yij* ~ N1(µ1i,s1i ) and probes interrogating
2
absent genes yij* ~ N2(µ2i,s2i ). The probe specific membership probabilities
2
of N1(µ1i,s1i ) represents the null-hypothesis of “not absent”, which is the
hypothesis under test. False discovery rate correction as described by [64]
was applied to both the test for quantifying aberrations as well as to the test
for quantifying genomic losses. The data was visualized using the Integrated
Genome Browser [65]. The final data set including dead probes and
conserved, aberrant and absent genes is shown in additional file 3.

Additional files
Additional file 1. Conserved core gene set of P. gingivalis. The
conserved core genes of P. gingivalis consisting of 1476 genes and two
ambiguous genes, which are called non-aberrant but absent
Additional file 2. W83-specific genes 65 genes. aberrant in each test
strain of which 39 W83-specific genes (marked in red)
Additional file 3. P. gingivalis CGH data set. Table listing each P.
gingivalis probe included in the results of this study in the order of geneID,
including annotation. Low adjP-values (<0.05) depicted in yellow indicate
aberrance in a test strain. High adj Pvals. absent (>0.99) depicted in red
indicate absence in the test strain. Black rows indicate the dead probes as
found on the W83 array in this study. Zooming out gives an overview of the
whole genomic diversity along the test strains.
Additional files can be found at the BMC microbiology website:
http://www.biomedcentral.com/1471-2180/10/252/additional/
Requests for a CD or e-mail with the additional files can be directed to Jorg
Brunner via e-mail:
jorgbrunner@hotmail.com
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Chapter 6
Periodontal disease is among the most prevalent infectious diseases
world-wide. Chronic periodontitis has been found in a mild to severe form in
more than 50% of the adults in the US [1]. Although prevalence may tend to
go down the latest decades [1, 2], the disease is thought to play an even
more prominent role in the near future as the Western population is ageing
rapidly. Chronic periodontitis has been found to be more prevalent in older
populations [3].
Periodontal disease can be studied from several different angles,
because many factors are involved as described in the introduction of this
thesis. Interplay of bacterial species in a complex biofilm is an important
factor [4]. In this thesis a small piece of the multifaceted puzzle, namely
Porphyromonas gingivalis CPS, was chosen as a study object. The
anaerobic oral pathogen P. gingivalis has been described as one of the
causative agents of chronic periodontitis. Many virulence factors of P.
gingivalis including a part of their mode of action in infection have been
described. P. gingivalis K-antigen or CPS has also been described as one of
the major virulence factors. Encapsulated strains have been reported to be
more virulent in infection models than non-encapsulated strains. CPS can
consist of polysaccharides of several serotypes of which 6 (K1-K6) have
been described [5, 6] and 1 (K7) has been proposed.
Although CPS has been regarded as a virulence factor of P. gingivalis
since the early 90s, only slow progression has been made in uncovering the
role in virulence. The publication of the genome sequence of P. gingivalis
strain W83 has been an important step in uncovering virulence mechanisms.
Further progress in CPS research has been made by determining the CPS
biosynthesis locus based on experimental evidence using information from
the genome sequence [7]. The first non-encapsulated mutant strains have
been constructed proving the involvement of the locus in CPS biosynthesis.
After that, mutant studies provided evidence that CPS reduces biofilm
formation [8].
P. gingivalis CPS has only been characterized to a very limited extent. No
structures are available and no repeating unit has been described. Yet,
monosaccharide analysis of K1 strain W50 has been performed [9]. No
capsular serotype has been linked to increased virulence in the
subcutaneous mouse infection model. Using purified CPS from the different
serotypes has however revealed that the K1 serotype induces a higher proinflammatory immune response in macrophages than all other purified CPSs
[10].
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The genetic background of the different serotypes has never been
studied in a detailed way, whereas in this thesis it is shown that genetic
knowledge can be an important step in the development of molecular tools.
In chapter 3 we used restriction fragment length polymorphism (RFLP) and
sequence analysis to study the CPS locus of a set of K1 strains. The results
showed that the CPS locus was conserved among the K1 strains, except for
an insertion that was found in 2 strains. Based on those findings and the
specific differences between strain W83, HG1703 and FDC381 [7] a K1specific PCR could be developed. This PCR was found to be highly sensitive
and specific. The method could also be used for serotyping P. gingivalis
from complex patient samples, allowing fast diagnostic screening. Although
this method is only detecting a single serotype, instead of the preferable 7,
this is a first step towards easier epidemiological studies of P. gingivalis
capsular polysaccharide types. Developing more serotype-specific primer
sets will be a next step.
The specific function of P. gingivalis CPS is still unknown. CPS has been
shown to induce a pro-inflammatory immune response [10], and to reduce
biofilm formation [8]. Its presence has been shown to make a P. gingivalis
strain likely to be more virulent, as seen by higher invasiveness after
subcutaneous inoculation in mice [11]. Furthermore CPS has been
described not to be involved in serum killing resistance as was thought
earlier [12].
To unravel a part of the mechanism by which P. gingivalis CPS acts
during infection a mutant was constructed and analyzed using a variety of
methods (chapter 2). The constructed epsC mutant was an isogenic mutant
of K1 strain W83 only affected in a single gene, as determined by RT-PCR
of the neighbouring genes. EpsC is a gene at the 3’-end of the CPS locus of
which the annotation, UDP-GlcNAc 2-epimerase, is given by homology. The
mutant was conclusively shown to be non-encapsulated by negative staining
using India ink on fuchsine-stained P. gingivalis cells. Knowing that epsC is
essential for CPS biosynthesis and that epsC is present in each so far tested
strain, including the ones tested in chapter 5, makes epsC a potential
therapeutic candidate. If the gene product could be blocked this would block
CPS biosynthesis, thereby potentially reducing virulence. One has to realize
however, that CPS is not the only virulence determinant of P. gingivalis,
which may only result in small changes in virulence. Future research also
has to elucidate the actual function of epsC in CPS biosynthesis. The
annotated function is not completely in line with the monosaccharide
composition described earlier. However, when EpsC would be an
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epimerase, but with another than the annotated function, it could potentially
provide the cell with GlcNAc which is found in K1 CPS [9].
In chapter 4 the epsC mutant was used in an infection experiment using
human gingival fibroblast cells. In these experiments the first evidence was
presented that P. gingivalis CPS reduces the pro-inflammatory immune
response. The experiments were performed using living bacterial cells of
wild-type W83, the epsC mutant and the complemented mutant. This
experimental design was used to be able to study the role of CPS as a P.
gingivalis cell component. The finding that P. gingivalis CPS reduces the
pro-inflammatory immune response does not seem to be in agreement with
the earlier findings of K1 CPS being a potent inducer of this response. An
explanation could however be that CPS shields/covers even stronger
immune inducers, like LPS or fimbriae as is found in other bacterial species
[13, 14].
Two ways to get reduction of the host immune response are molecular
mimicry of host components by bacteria which hampers recognition by the
immune system. A second way is to induce immune suppressive cytokines
like IL-10. Both ways have been described to be used by bacterial
polysaccharides [15, 16]
The focus in this thesis is CPS that induces an immune response when
isolated, but reduces this response when being part of the bacterial cell
envelope. CPS reduces the ability to form biofilm but increases the ability to
invade tissues. The roles of P. gingivalis CPS seem ambiguous. Then, why
are encapsulated strains more virulent than non-encapsulated strains?
Encapsulated strains have the advantage to induce a low immune response
due to which they can survive in the host for a longer period of time. If the
bacterium could then down-regulate CPS expression when a suitable niche
is found, biofilm formation could be enhanced. Spreading infections could be
explained by higher invasion after up-regulating CPS expression again. As
proposed previously [8], CPS expression may even be synchronized with
expression of other cell surface components thereby being able to switch
from a planktonic state to a biofilm state.
CPS export and biosynthesis is a substantial energy investment, which
makes capsule expression even more likely to be stricktly regulated. CPS
biosynthesis regulation upon environmental or genetic influence has been
found in a range of bacterial species including Vibrio vulnicus, Neisseria
meningitis, Streptococcus pneumoniae and Escherichia coli. [17-21]. In the
closely related anaerobic gut pathogen Bacteroides fragilis a variety of CPSs
can be found on one strain of which the synthesis is controlled by a
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reversible ON/OFF system regulated by a DNA invertase [22]. Multiple CPSs
are essential for B. fragilis to compete with commensal bacteria for
colonization [23]. For P. gingivalis regulation of CPS expression has been
described very recently. The CPS biosynthesis locus contains four
transcriptional start sites indicating that complex regulation is possible [8].
Genes up- and downstream of the CPS locus, PG0104 and PG0121, have
been implicated in this regulation [24]. Temperature dependent regulation of
fimbriae has already been described in P. gingivalis. Fimbriae expression is
down-regulated during elevated temperatures as found in inflamed tissues
[25], making the attached bacterium less vulnerable to the host immune
system. It is therefore tempting to speculate about a similar, but reversed
regulatory action for CPS expression. Other regulatory stimuli for CPS
biosynthesis regulation could be hemin concentration as is the case for a
broad spectrum of virulence factors [26].
Neuropathogenic E. coli K1 isolates express a polysialic acid capsule
which is regulated in an elegant way in a neonatal rat pup K1 infection
model. In this model E. coli expressing capsule colonizes the gut, after which
the bacterium gains access to the blood compartment. Then, E. coli crosses
the blood-brain barrier where capsule expression is ceased [27]. Prevention
of capsule expression by administration of a capsule-selective sialidase has
been shown to prevent E. coli to cross the blood-brain barrier [28], making it
a potential drug to prevent bacterial meningitis.
Streptococcus pneumonia serotype 3 capsule is down-regulated when
bacteria are in close contact with host cells, thereby uncovering adhesion
molecules. This makes bacteria much more adhesive and enhances uptake
into the host cell. Bacteria in close proximity, but not in contact with host
cells keep expressing capsule. Bacteria recovered from host cells after
uptake show a lower capsule expression long after being isolated from the
cells [21]. In both cases described above capsule expression is very
important in pathogenesis. The exact role of P. gingivalis in periodontitis is
still not fully understood and the role of its CPS is only slowly being
unravelled. P. gingivalis CPS has however been shown to reduce adhesion
to epithelial cells [29] Oral pathogens including P. gingivalis have also been
shown to be able to cause recurrent bacteraemia in pigs and periodontitis
patients, linking periodontitis with atherosclerosis [30, 31]. CPS may well
play a role in P. gingivalis bacteraemia by masking strongly antigenic factors
as is the case in E. coli and pneumococci. P. gingivalis could therefore not
only play a role in periodontitis but also in the systemic diseases associated
with it.
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Chapter 5 describes a thorough analysis of the genetic content of a set
of representative strains of each capsular serotype (K1-K7) next to a
naturally non-encapsulated strain. This comparative genomic hybridization
(CGH) study was initiated to study CPS biosynthesis-related genes. The
analysis of the hybridization experiments yielded a high quality data set that
could be used to study more than just CPS-related genes. Therefore the
description of a core P. gingivalis gene set was initiated. Microarrays of
strain W83 containing all CDSs were hybridized with DNA from eight test
strains to look for presence, aberrance or absence of these CDSs in the test
strains. The thorough analysis of triplicate hybridizations of arrays designed
with quadruplicates for each CDS, gave a high resolution data set. This
allowed us to find more differences in the genetic content of the test strains
than has been reported before [32]. Making use of the Arabidopsis thaliana
negative control spots on the array allowed us to define absent genes next
to defining aberrant genes.
This thesis initiated the description of the P. gingivalis core genome. Core
genome research in other bacteria has shown that the more strains are
included in the analyses, the smaller the core genome will be. The huge
effort in E. coli genetic research has resulted in a core genome as small as
48% of an average genome. Other bacterial species have core genomes at
the moment covering 52%-85% of an average genome [33-39]
Furthermore, sequencing techniques have rapidly become faster and
more cost efficient, allowing complete genome sequencing. Using complete
genome data to describe a core genome will potentially include more
sequences as besides CDSs also all other sequences can than be included.
The content of the CPS biosynthesis locus in the test strains varied
greatly as reported earlier [7, 40, 41]. K3 serotype strain HG1025 was found
to almost completely lack the CPS genes as found in strain W83, whereas
K7 serotype strain 34-4 possesses 9 of the 14 genes of the W83 CPS locus.
Interestingly, the data support the choice for the K1 serotype-specific PCR
as described in chapter 3. Genes PG0117 and PG0118 were selected for
this PCR on basis of limited sequence data. The data from this CGH study
now show that those genes indeed seem K1-specific as they were not
detected in any of the test strains.
The non-encapsulated strain FDC381 was found to be most divergent
from W83 with almost 14% aberrant CDSs and K4 serotype strain
ATCC49417 was found to be least divergent from W83 with 8% aberrant
CDSs. These numbers are much higher than previously reported, 3.5% and
0.6% respectively, most likely because our experimental design and analysis
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yields higher resolution data. Even small differences can reliably be
interpreted as significant.
The next step was to compare the total datasets of all strains in order to
describe the core genome of P. gingivalis. Our analyses yielded information
on the presence, aberrance or absence of each CDS of W83 in the test
strains. The core genome that we chose to describe was the conserved core
genome. All genes that were called non-aberrantly present were included in
this gene set. The conserved core genome as described, using 8 P.
gingivalis strains, consists of 1476 genes which is around 80% of the W83
genome. 374 genes were aberrant in at least one of the test strains.
The data could then be used in further analyses which showed that most
virulence associated genes, e.g. proteases, are part of the conserved core
genome. PG1055, an annotated thiol protease, is however only nonaberrantly present in strains W83 and ATCC49417. These two strains are
members of heteroduplex types which are most strongly associated with
disease. This can be seen as an indication that PG1055 indeed may have a
function in virulence, although no functional study was performed.
The description of the P. gingivalis core genome as described in this
thesis will allow a more focused search for potential important virulence
factors. The genetic information is valuable, but experimental data will be
needed to support and clarify the findings from a comparative genomics
approach. The highly accessed paper will therefore hopefully stimulate P.
gingivalis this experimental research.
In conclusion the research in this thesis has yielded new tools for further
studies of P. gingivalis CPS, including a PCR technique, a non-encapsulated
mutant and widely applicable integration plasmids. Furthermore, basic
knowledge on the CPS biosynthesis locus and the role of CPS in infection
was gained. The initiation of the description of a conserved core gene set is
likely to be an important step in P. gingivalis research. Genetic differences
and similarities between strains ensure virulence variation, and this study is
therefore a potential starting point of new research.

123

Chapter 6

1.

2.

3.

4.
5.

6.

7.

8.

9.

10.

11.

12.

124

Cobb CM, Williams KB, Gerkovitch MM: Is the prevalence of
periodontitis in the USA in decline? Periodontol 2000 2009,
50:13-24.
Hugoson A, Sjodin B, Norderyd O: Trends over 30 years, 19732003, in the prevalence and severity of periodontal disease. J
Clin Periodontol 2008, 35(5):405-414.
Phipps KR, Chan BK, Jennings-Holt M, Geurs NC, Reddy MS, Lewis
CE, Orwoll ES: Periodontal health of older men: the MrOS dental
study. Gerodontology 2009, 26(2):122-129.
Socransky SS, Haffajee AD: Periodontal microbial ecology.
Periodontol 2000 2005, 38:135-187.
Laine ML, Appelmelk BJ, van Winkelhoff AJ: Novel polysaccharide
capsular serotypes in Porphyromonas gingivalis. J Periodontal
Res 1996, 31(4):278-284.
van Winkelhoff AJ, Appelmelk BJ, Kippuw N, de Graaff J: Kantigens in Porphyromonas gingivalis are associated with
virulence. Oral Microbiol Immunol 1993, 8(5):259-265.
Aduse-Opoku J, Slaney JM, Hashim A, Gallagher A, Gallagher RP,
Rangarajan M, Boutaga K, Laine ML, van Winkelhoff AJ, Curtis MA:
Identification
and
characterization
of
the
capsular
polysaccharide (K-antigen) locus of Porphyromonas gingivalis.
Infect Immun 2006, 74(1):449-460.
Davey ME, Duncan MJ: Enhanced biofilm formation and loss of
capsule synthesis: deletion of a putative glycosyltransferase in
Porphyromonas gingivalis. J Bacteriol 2006, 188(15):5510-5523.
Farquharson SI, Germaine GR, Gray GR: Isolation and
characterization of the cell-surface polysaccharides of
Porphyromonas gingivalis ATCC 53978. Oral Microbiol Immunol
2000, 15(3):151-157.
d'Empaire G, Baer MT, Gibson FC, 3rd: K1 serotype capsular
polysaccharide of Porphyromonas gingivalis elicits chemokine
production from murine macrophages that facilitates cell
migration. Infect Immun 2006.
Laine ML, van Winkelhoff AJ: Virulence of six capsular serotypes
of Porphyromonas gingivalis in a mouse model. Oral Microbiol
Immunol 1998, 13(5):322-325.
Slaney JM, Gallagher A, Aduse-Opoku J, Pell K, Curtis MA:
Mechanisms of resistance of Porphyromonas gingivalis to
killing by serum complement. Infect Immun 2006, 74(9):53525361.

General discussion
13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

Wilson RP, Raffatellu M, Chessa D, Winter SE, Tukel C, Baumler
AJ: The Vi-capsule prevents Toll-like receptor 4 recognition of
Salmonella. Cell Microbiol 2008, 10(4):876-890.
Schembri MA, Dalsgaard D, Klemm P: Capsule shields the
function of short bacterial adhesins. J Bacteriol 2004,
186(5):1249-1257.
Carlin AF, Uchiyama S, Chang YC, Lewis AL, Nizet V, Varki A:
Molecular mimicry of host sialylated glycans allows a bacterial
pathogen to engage neutrophil Siglec-9 and dampen the innate
immune response. Blood 2009, 113(14):3333-3336.
Geurtsen J, Chedammi S, Mesters J, Cot M, Driessen NN, Sambou
T, Kakutani R, Ummels R, Maaskant J, Takata H et al:
Identification of mycobacterial alpha-glucan as a novel ligand
for DC-SIGN: involvement of mycobacterial capsular
polysaccharides in host immune modulation. J Immunol 2009,
183(8):5221-5231.
Wright AC, Powell JL, Kaper JB, Morris JG, Jr.: Identification of a
group 1-like capsular polysaccharide operon for Vibrio
vulnificus. Infect Immun 2001, 69(11):6893-6901.
Wright AC, Powell JL, Tanner MK, Ensor LA, Karpas AB, Morris JG,
Jr., Sztein MB: Differential expression of Vibrio vulnificus
capsular polysaccharide. Infect Immun 1999, 67(5):2250-2257.
Rahn A, Whitfield C: Transcriptional organization and regulation
of the Escherichia coli K30 group 1 capsule biosynthesis (cps)
gene cluster. Mol Microbiol 2003, 47(4):1045-1060.
Deghmane AE, Giorgini D, Larribe M, Alonso JM, Taha MK: Downregulation of pili and capsule of Neisseria meningitidis upon
contact with epithelial cells is mediated by CrgA regulatory
protein. Mol Microbiol 2002, 43(6):1555-1564.
Hammerschmidt S, Wolff S, Hocke A, Rosseau S, Muller E, Rohde
M: Illustration of pneumococcal polysaccharide capsule during
adherence and invasion of epithelial cells. Infect Immun 2005,
73(8):4653-4667.
Coyne MJ, Weinacht KG, Krinos CM, Comstock LE: Mpi
recombinase globally modulates the surface architecture of a
human commensal bacterium. Proc Natl Acad Sci U S A 2003,
100(18):10446-10451.
Liu CH, Lee SM, Vanlare JM, Kasper DL, Mazmanian SK:
Regulation of surface architecture by symbiotic bacteria
mediates host colonization. Proc Natl Acad Sci U S A 2008,
105(10):3951-3956.
Alberti-Segui C, Arndt A, Cugini C, Priyadarshini R, Davey ME: HU
protein: transcription of surface polysaccharide synthesis
genes in Porphyromonas gingivalis. J Bacteriol 2010.

125

Chapter 6
25.

26.

27.

28.

29.

30.

31.

32.
33.

34.

126

Amano A, Sharma A, Sojar HT, Kuramitsu HK, Genco RJ: Effects
of temperature stress on expression of fimbriae and superoxide
dismutase by Porphyromonas gingivalis. Infect Immun 1994,
62(10):4682-4685.
Genco CA, Simpson W, Forng RY, Egal M, Odusanya BM:
Characterization of a Tn4351-generated hemin uptake mutant of
Porphyromonas gingivalis: evidence for the coordinate
regulation of virulence factors by hemin. Infect Immun 1995,
63(7):2459-2466.
Zelmer A, Bowen M, Jokilammi A, Finne J, Luzio JP, Taylor PW:
Differential expression of the polysialyl capsule during bloodto-brain transit of neuropathogenic Escherichia coli K1.
Microbiology 2008, 154(Pt 8):2522-2532.
Zelmer A, Martin MJ, Gundogdu O, Birchenough G, Lever R, Wren
BW, Luzio JP, Taylor PW: Administration of capsule-selective
endosialidase E minimizes upregulation of organ gene
expression induced by experimental systemic infection with
Escherichia coli K1. Microbiology 2010, 156(Pt 7):2205-2215.
Dierickx K, Pauwels M, Laine ML, Van Eldere J, Cassiman JJ, van
Winkelhoff AJ, van Steenberghe D, Quirynen M: Adhesion of
Porphyromonas gingivalis serotypes to pocket epithelium. J
Periodontol 2003, 74(6):844-848.
Geerts SO, Nys M, De MP, Charpentier J, Albert A, Legrand V,
Rompen EH: Systemic release of endotoxins induced by gentle
mastication: association with periodontitis severity. J
Periodontol 2002, 73(1):73-78.
Brodala N, Merricks EP, Bellinger DA, Damrongsri D, Offenbacher
S, Beck J, Madianos P, Sotres D, Chang YL, Koch G et al:
Porphyromonas gingivalis bacteremia induces coronary and
aortic
atherosclerosis
in
normocholesterolemic
and
hypercholesterolemic pigs. Arterioscler Thromb Vasc Biol 2005,
25(7):1446-1451.
Igboin CO, Griffen AL, Leys EJ: Porphyromonas gingivalis strain
diversity. J Clin Microbiol 2009, 47(10):3073-3081.
Dufresne A, Ostrowski M, Scanlan DJ, Garczarek L, Mazard S,
Palenik BP, Paulsen IT, de Marsac NT, Wincker P, Dossat C et al:
Unraveling the genomic mosaic of a ubiquitous genus of
marine cyanobacteria. Genome Biol 2008, 9(5):R90.
Fischer W, Windhager L, Rohrer S, Zeiller M, Karnholz A, Hoffmann
R, Zimmer R, Haas R: Strain-specific genes of Helicobacter
pylori: genome evolution driven by a novel type IV secretion
system and genomic island transfer. Nucleic Acids Res 2010
[epub ahead of print].

General discussion
35.

36.

37.

38.

39.

40.

41.

Foote SJ, Bosse JT, Bouevitch AB, Langford PR, Young NM, Nash
JH: The complete genome sequence of Actinobacillus
pleuropneumoniae L20 (serotype 5b). J Bacteriol 2008,
190(4):1495-1496.
Rasmussen TB, Danielsen M, Valina O, Garrigues C, Johansen E,
Pedersen MB: Streptococcus thermophilus core genome:
comparative genome hybridization study of 47 strains. Appl
Environ Microbiol 2008, 74(15):4703-4710.
Touchon M, Hoede C, Tenaillon O, Barbe V, Baeriswyl S, Bidet P,
Bingen E, Bonacorsi S, Bouchier C, Bouvet O et al: Organised
genome dynamics in the Escherichia coli species results in
highly diverse adaptive paths. PLoS Genet 2009, 5(1):e1000344.
Waterhouse JC, Swan DC, Russell RR: Comparative genome
hybridization of Streptococcus mutans strains. Oral Microbiol
Immunol 2007, 22(2):103-110.
Wu J, Yu T, Bao Q, Zhao F: Evidence of extensive homologous
recombination in the core genome of rickettsia. Comp Funct
Genomics 2009:510270.
Chen T, Hosogi Y, Nishikawa K, Abbey K, Fleischmann RD, Walling
J, Duncan MJ: Comparative whole-genome analysis of virulent
and avirulent strains of Porphyromonas gingivalis. J Bacteriol
2004, 186(16):5473-5479.
Naito M, Hirakawa H, Yamashita A, Ohara N, Shoji M, Yukitake H,
Nakayama K, Toh H, Yoshimura F, Kuhara S et al: Determination
of the Genome Sequence of Porphyromonas gingivalis Strain
ATCC 33277 and Genomic Comparison with Strain W83
Revealed Extensive Genome Rearrangements in P. gingivalis.
DNA Res 2008.

127

Chapter 6

128

Samenvatting

Samenvatting
Parodontitis is een inflammatoire aandoening van het weefsel rond de
tanden. Het ontstaat door een bacteriele infectie van het tandvlees waarna
door de daaropvolgende ontstekingsreactie uiteindelijk het bot rond de
tanden wordt aangetast. Dit kan zelfs leiden tot tanduitval. Parodontitis is
een van de meest voorkomende infectieziekten met een prevalentie van
meer dan 50% in de volwassen populatie in de Verenigde Staten.
Parodontitis is een multifactoriële aandoening met zowel een levensstijl
component, als een genetische en een bacteriële component. Er zijn dan
ook vele manieren om onderzoek te doen naar deze ziekte. In deze studie is
er gekozen om te focussen op Porphyromonas gingivalis, een van de
bacteriën die een rol spelen in het ontstaan van parodontitis. P. gingivalis is
een van de spelers in de sub-gingivale biofilm, het complexe ecosysteem
dat zich bevindt onder het tandvlees, die een sterke associatie heeft met de
ziekte parodontitis. Omdat P. gingivalis slechts een klein deel van de totale
biofilm uitmaakt, wordt aangenomen dat interacties met andere bacteriën
een grote rol spelen in het ontstaan van parodontitis. In die interacties speelt
het polysaccharide kapsel, een soort slijmerige suikerlaag aan de buitenkant
van de P. gingivalis cel, een belangrijke rol. Bovendien speelt het kapsel een
grote rol in de aanhechting aan humane cellen. Uit eerder onderzoek is
gebleken dat niet iedere P. gingivalis stam een kapsel heeft en dat het bezit
van een kapsel de bacterie meer virulent maakt in een muis-infectie model.
Het kapsel wordt dan ook gezien als een belangrijke virulentie factor en een
mogelijk
target
voor
therapie
ontwikkeling.
Het
preciese
werkingsmechanisme van het kapsel is nog niet opgehelderd en ook de
chemische structuur is nog niet bepaald. Dat er minstens zes kapselvarianten (serotypen K1-K6) zijn is wel duidelijk geworden in eerder
onderzoek. De serotypen hebben verschillende chemische samenstellingen
waardoor ze verschillend herkend worden door antilichamen. De genetische
achtergrond van kapsel synthese is vooralsnog niet in detail bekend.
In deze studie is er dan ook voor gekozen om te achterhalen wat de
genetische achtergrond van kapselsynthese is en welke rol het kapsel heeft
in infectie.
In hoofdstuk 1 wordt een aantal gereedschappen beschreven die
kunnen helpen bij het verkrijgen van inzicht in de genetica van onder
anderen kapsel synthese. Er worden plasmiden beschreven die een
gemakkelijke integratie van te bestuderen genen in het genomische DNA
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van de bacterie mogelijk maken. Dit maakt het mogelijk om genen waarvan
de functie nog niet bekend is in te brengen in een P. gingivalis stam naar
keuze om het effect op de fysiologie van de bacterie te bestuderen.
Daarnaast wordt de constructie van een ongekapselde mutant waarin één
gen (epsC) in de kapsel biosynthese is kapotgemaakt beschreven. Met deze
isogene kapselmutant laten we in hoofdstuk 4 zien dat het bestuderen van
de rol van het kapsel een stuk eenvoudiger wordt gemaakt. Door zowel de
moederstam met een kapsel als de dochterstam zonder kapsel in infectie
experimenten mee te nemen is duidelijk geworden dat het kapsel een
onderdrukker van de humane immuunrespons van gingivale fibroblasten is.
Deze experimenten geven nog geen uitsluitsel hoe een stam met kapsel
gevaarlijker kan worden dan een stam zonder, maar het is duidelijk dat een
verandering optreedt in de herkenning door het humane immuunsysteem.
In hoofdstuk 3 is er gekeken naar de genetische samenstelling van het
kapsel polysaccharide biosynthese locus zoals dat eerder beschreven was.
In deze studie, echter, is er gekeken naar een set van 10 stammen van één
enkel serotype (K1). Hierbij bleek uit restrictie fragment lengte polymorfisme
(RFLP) analyse en polymerase kettingreactie (PCR) analyse dat het kapsel
synthese locus tussen de stammen van één type heel weinig variatie
vertoonde. Op basis daarvan was het mogelijk om een snelle PCR detectie
methode te ontwikkelen die specifiek het K1 serotype kan detecteren. De
methode is geschikt voor zowel geïsoleerd P. gingivalis DNA, als voor een
kort topgekookt complex patient monster. Studies die het K1 serotype
classificeren als het meest virulent ondersteunen de relevantie van deze
PCR methode.
In hoofdstuk 5 is een studie beschreven waarin aan de hand van
genomische DNA hybridizaties de genetische samenstelling van stammen
van de verschillende P. gingivalis serotypen wordt bestudeerd. Door middel
van een microarray techniek die vergelijkende genomische hybridizatie
(CGH) wordt genoemd kan de samenstelling van het genoom op genniveau
worden bepaald. Deze manier van vergelijken met de W83 stam waar de
genoomsequentie van bekend is geeft een beeld van de variatie tussen P.
gingivalis stammen. Door van ieder serotype een stam mee te nemen in de
studie kunnen bij inzoomen de verschillen tussen de kapsel synthese loci
van de verschillende typen beschreven worden. Een andere interessante
uitkomst van deze studie is de beschrijving van het geconserveerde core
genoom van P. gingivalis. Hierin worden alle genen beschreven die vrijwel
onveranderd aanwezig zijn in ieder van de stammen die meegenomen zijn in
de studie. Uit de resultaten blijkt dat ongeveer 80 % van de W83 genen
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voorkomt in alle andere stammen. 20 % van de W83 genen blijkt dus meer
of minder variabel in deze set.
Het onderzoek beschreven in dit proefschrift heeft een aantal
waardevolle dingen opgeleverd. Allereerst een aantal nieuwe
gereedschappen voor verdere studies van het P gingivalis polysaccharide
kapsel, waaronder een PCR techniek, een ongekapselde mutant en breedtoepasbare integratie plasmiden. Verder heeft het onderzoek fundamentele
kennis over het kapsel biosynthese locus en de rol van het kapsel
opgeleverd. Het begin van de beschrijving van een geconserveerde core
genset is zeer waarschijnlijk een belangrijke stap in P. gingivalis onderzoek.
Genetische overeenkomsten en verschillen zoals gevonden zullen belangrijk
blijken in variatie in virulentie. Bovengenoemde resultaten en bevindingen
zijn dan ook een mogelijk startpunt voor interessant nieuw onderzoek.
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Promoveren is een flinke klus die je niet in je eentje klaart. Allereerst wil
ik mijn begeleiders van het eerste uur bedanken. Het idee voor dit werk
kwam van Wim en Arie Jan. Zij hebben mij jarenlang gestuurd en gesteund
op een manier die ik erg prettig heb gevonden. Helaas, Arie Jan, heeft het
niet mijn hele promotie kunnen duren, maar het enthousiasme waarmee jij
telkens mee hebt gekeken naar mijn onderzoek is ontzettend aanstekelijk
geweest. Wim, jij hebt het stokje op een gegeven moment volledig
overgenomen en dat werkte. Niet zo snel als we zouden willen, maar
uiteindelijk komen we er wel. No nonsense van beide kanten. Eerst in de
zijlijn en daarna steeds prominenter heeft Marja continu met interesse en
raad klaargestaan. Jij wilde gelukkig mijn co-promoter worden waar ik je erg
dankbaar voor ben. Daarnaast was het af en toe erg prettig om gewoon
eens te babbelen. Hans, mijn kamergenoot vanaf het begin. Vele vragen
werden door mij (eigenlijk door iedereen) afgevuurd en altijd stond je weer
paraat. Super om met je te mogen werken, ondanks de constante drukte op
onze kamer. Sparren over de meest bizarre ideeen, veel groter dan orale
microbiologie, dat lukte met Wil keer op keer. Zo iemand om mee samen te
werken zorgt dat je regelmatig weer een dosis enthousiasme krijgt.
Dongmei, rennend door de labs en tussen de verschillende werklocaties was
jij er heel vaak om het over onze moleculair biologische ideeen te hebben.
Thanks kleintje. Nina, jij kwam in de groep en er gebeurde iets. Buiten de
borrels met verschillende thema’s etc heb je ook heel veel werk verzet
waardoor wij samen met een aantal andere auteurs twee mooie publicaties
hebben kunnen schrijven. Het was mooi om al snel niet de enige aio meer
op de groep te zijn. Later kwamen ook Eef, Alexa en Irshad als aio in de
groep werken. Dat werkt inspirerend. Dank ook aan Wendy, mijn oude
klasgenootje, die continu wilde leren en super heeft geholpen o.a. met heel
veel PCRen. Carolien en Martine die met hun ervaring en raad altijd paraat
stonden. Het diagnostiek lab zoals het er nu niet meer is ben ik ook erg
dankbaar. Kan iemand voor mij….? Hebben jullie…..? Mag ik vandaag
even….? Ik geloof niet dat er ooit een nee terugkwam.
Ik moet daarnaast natuurlijk Daniël, Nawal, Divine en Elena, die als
studenten bergen werk hebben verzet, bedanken. Stuk voor stuk waren het
goede, gemotiveerde studenten.
Verder moet ik natuurlijk ook de medische microbiologie groep bedanken.
Gezamenlijk met “de buren” waren er goede werkbesprekingen en
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daarnaast vele goede gesprekken in de koffiekamer. Speciaal wil ik nog
even Wim Schouten bedanken, omdat die altijd voor je klaar stond. Iemand
als Wim is het smeermiddel in een onderzoeksgroep waardoor alles veel
soepeler draait.
Ik wil graag ook de mensen van de microarray department en dan vooral
Floyd en Martijs bedanken voor hun geweldige bijdrage aan onze mooie
gezamenlijke publicatie.
Arjan, Jorn en Michel met wie het goed koffie en een borrel doen was;
voor morele steun kon ik altijd naar jullie toe komen.
Twee groepen vrienden die het leven buiten het promoveren een stuk
aangenamer hebben gemaakt zijn mijn ”maten” uit Oosterhout en “de
biologen”, ze hebben er ook indirect voor gezorgd dat het allemaal is gelukt.
Karg en Esger, mijn broers, die door het altijd sparren met mij, mij
hebben gevormd. Esger heeft daarnaast met regelmatig een bezoekje de
spirit af en toe weer wat opgekrikt.
Dan bijna als laatste mijn lieve ouders. Pap en mam, altijd hebben jullie
voor me klaar gestaan als het nodig was. Jullie hebben me gebracht tot het
punt van waar ik het zelf over kon nemen. Ik ben jullie voor altijd dankbaar.
En als laatste, mijn allerliefste Kristina en Ronja. Ongelofelijk als je
bedenkt dat ik jullie nog helemaal niet had in het begin van mijn promotie.
Lieve kleine Ronja, jij kleine energiebundel geeft het leven extra kleur.
Kristina, jij hebt me altijd vol gesteund. Je bent een inspiratie geweest en
een bron van energie. Bedankt!
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