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General introduction

This chapter is based on:

‘Strength in numbers; illness causing biofilms’

Zijnge V, Abbas F, Degener JE

Nederlands Tijdschrift voor Tandheelkunde (2008) 115: 5-12
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The oral cavity

The mouth is an accessible and exposed part of the body both personal and

intimate. It is important in verbal as well as visual communication by the tongue,

lips and teeth. As the entry gate for food, the oral cavity is an essential part of the

body where first part of digestion takes place by enzymes from the salivary glands

and partitioning of food by the teeth. Like other parts of the body, tissues of the

oral cavity are subjected to different kinds of diseases. The most common forms

of oral diseases are associated with bacteria. Halitosis for example, is the forma-

tion of odorous compounds by bacteria on the tongue that result in a bad breath.

Caries on the other hand affects the teeth. Bacterial accumulations on the teeth

that metabolize large quantities of refined sugars produce acids. These acids re-

sorb calcium ions and demineralise the tooth, and eventually cause the formation

of cavities. The most common type of oral diseases however, affects the tissues

surrounding the teeth called the periodontium, hence this is referred to as peri-

odontal disease. The periodontium includes the cementum, the periodontal liga-

ment, the alveolar bone and the gingiva (Figure 1.1.).

Figure 1.1. Schematic representation of the components that form a healthy periodontium (left).
Note the clinical characteristics of gingivitis like plaque accumulations, bleeding, redness and a
swollen gingiva together with increased pocket depth and bone resorption that define periodontitis
(right). Reprinted with permission from (117).
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Gingivitis

In a healthy situation, the gingiva is firmly attached to the tooth and has a

pale pink, stippled appearance that does not bleed during mastication or tooth

brushing (Figure 1.2.).  Nevertheless, there is a continuous challenge of the tis-

sues by bacteria that become attached to the teeth. These bacteria induce an

inflammatory response that results in a flow of neutrophils from the gingival epi-

thelium (Figure 1.2.). In concert with proper oral hygiene measures however, a

clinically healthy gingiva can be maintained. When the bacteria that have adhered

to the tooth surface are left undisturbed, the total bacterial mass increases. This

mass becomes visible as a white or yellowish layer on the teeth, called dental

plaque, and induces a pronounced inflammatory response. In response, more neu-

trophils migrate out of the epithelium and a gingival infiltrate with neutrophils,

lymphocytes, monocytes and macrophages establishes in the connective tissue

(34). This increased inflammatory response induces the proliferation and dilata-

tion of blood vessels, which results clinically in a red and swollen gingiva that

easily bleeds upon probing, called gingivitis. Gingivitis is the inflammation of the

gingiva caused by the accumulation of supragingival plaque and dental calculus,

and is limited to the gingiva. With proper oral hygiene measures gingivitis is re-

versible within 1-2 weeks, leading to a healthy state (97). About 90% of the adult

population is affected by gingivitis (3). When left untreated gingivitis may remain

stable and limited to the gingiva for months or years, though in some patients the

inflammation becomes more active and results in a destructive lesion called peri-

odontitis. Whether an established gingival lesion transforms into a destructive

lesion, depends on the presence of several risk factors.

Risk factors

Risk factors are generally defined as aspects of personal behaviour or life-

style, an environmental exposure or an inborn or inherited characteristic, which,

on the basis of epidemiological evidence, is known to be associated with a health

related condition of a persons’ live (151). Established risk factors for periodontitis

are smoking and diabetes. Individuals who smoke have a 2.7-7 times higher risk

of developing periodontitis, whereas individuals with diabetes have odds ratios of

2-4.2 to develop periodontitis (38, 152). Scientifically less supported risk factors

are stress (202) and malnutrition (41, 142).
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Inherited risk factors are syndromes with neutrophil dysfunction like Chediak-

Higashi, Papillon-Lefèvre or Down syndrome (39). Less dramatic genetic risk

factors are gene polymorphisms that affect the genetic constitution of a patients’

immune system. Polymorphisms in genes coding for IgG, FcγRCII, PGE
2
 and IL-1

are associated with different forms and severity of periodontitis (58, 75)

Risk factors can influence the level of the host inflammatory response to the

bacterial challenge or interfere in the connective tissue metabolism of the host,

and thereby modify the severity and pace of periodontal disease progression.

Smoking for example may have an effect on gingival vascularization and on fibro-

blasts, but also on neutrophil and leukocyte function (127).

Periodontal pathogenesis model.

As shown before, the accumulation of bacterial plaque on the tooth surface

induces an immune response that results in clinical symptoms of inflammation.

The immune response aims to clear the bacteria present on the tooth via the acute

cellular immune response which, during the course of inflammation, shifts to a

predominant humoral immune response. As a side effect however, the inflamma-

tory response also modulates the turnover of the periodontal tissues, shifting the

balance between tissue formation and breakdown towards an increase in tissue

destruction. The destruction of tissue results in the formation of periodontal pock-

Figure 1.2. Clinical and schematic representation of a healthy periodontium. Note the absence of
bleeding upon probing and pocket depth and the pale pink stippled appearance of the gingiva. Even
in a healthy situation, there is a continuous flow of neutrophils from the sulcus*. Reprinted with
permission from (117).
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ets and the loss of bone, which are clinically assessed by pocket depth and tooth

mobility measurements and oral radiographs. The severity of the symptoms may

vary between subjects and is modified by several risk factors. Periodontitis should

therefore be considered as a multi-factorial disease which can be graphically rep-

resented in a non-linear model (Figure 1.3.) (123).

Modelling the pathogenesis of periodontitis provides the opportunity to ap-

preciate the complexity of the disease, to exemplify how the different factors

interact and to phrase relevant research questions. The present thesis focuses on

the bacterial mass involved in periodontitis.

Bacterial mass on the teeth

The oral cavity is a diverse ecosystem, both harsh and attractive to bacteria.

Teeth, palate, tongue and epithelium provide different surfaces for bacteria to

adhere to and exploit the optimal settings for growth in the oral cavity, like humid-

ity, temperature and a regular supply of nutrients (166). The host however aims for

the elimination of the bacteria. The continuous flow of saliva and crevicular fluid,

shedding of epithelium, chewing and tongue movements and antibacterials like

Figure 1.3. Periodontal pathogenesis model. Polymorphnuclear leukocyte (PMN), prostaglandin E
2

(PGE
2
), interleukin (IL), matrix metalloproteinase (MMP). Adapted from Page and Kornman (123).
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agglutinins and immunoglobulins in saliva aim to remove and prevent bacterial accu-

mulations. To overcome clearance by the host, bacteria have developed adherence

mechanisms to remain in the oral cavity and colonize the oral surfaces. Bacteria

adhere in a non-specific way through physical interactions like charge, hydrophobicity

and ionic interactions (16) or by specific adhesion mechanisms. In short, pristine

teeth are readily deposited with salivary proteins and substances that form a pellicle.

The molecules in the pellicle serve as receptors for adhesins on the bacterial cell

surface (157). Through this specific adhesion mechanism, bacteria become attached

to the tooth surface. Listgarten and colleagues (93) revealed with light and electron

microscopy that initial plaque on epoxyresin crowns consisted of pallisading columns

of cocci after one day (Figure 1.4.). Occasionally, isolated branching filaments were

observed. After one week, a large number of filaments were observable on the surface

of the predominantly coccoid plaque. It seemed that the filamentous bacteria invade

the coccoid plaque, thereby replacing it. After three weeks, the predominantly

filamentous plaques did not show any sign of residual coccoid micro colonies. In

addition, the filamentous plaques were frequently covered with a layer of so-called

corncobs, aggregates with a central filamentous microorganism surrounded by coccoid

cells. After two months the plaque that has extended subgingivally, contained a fuzzy

layer of spirochetes and bacterial aggregates resembling test-tube brushes (Figure

1.5.). During plaque development, voids and channels lined with living bacteria are

formed that might serve nutrients to penetrate to the inner parts of the plaque (10,

112, 207). The observations with light and electron microscopy could only identify

the cells based on their morphology and cell wall composition, but not to the species

level. Culture experiments of supragingival plaque scrapings revealed that the most

abundant initial bacterial species that adhere to the tooth surface are Streptococcus

sp. Other species frequently found in initial plaque are Actinomyces sp., Gemella sp.,

Granulicatella sp., Neisseria sp. and Veillonella sp. (35,36, 81,126,146).

The development of subgingival plaque is less well characterized. From light and

electron microscopy observations, it was noted that subgingival plaque resembled

largely mature supragingival plaque. The characteristic difference in subgingival plaque

was the presence of a superficial layer that, closest to the epithelium, was without a

distinct organization. This layer included mainly spirochetes and flagellated concave

bacteria. Within this layer, bacterial structures that resembled test-tube brushes were

observed (94). Also in the composition of the microbial population, subgingival plaque
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resembles its mature supragingival counterpart (173). In time, the proportion of gram

positive species decreases with a concomitant increase in gram-negative filaments,

motile rods and spirochetes from the Bacteroidetes, Fusobacteria and Spirocheates

phyla. The most striking difference is that the levels of Treponema denticola,

Porphyromonas gingivalis and Tannerella forsythia are elevated and positively associated

with disease status. In clinical studies, the focus is on the putatively associated

pathogens without taking into consideration the presence of the entire population.

From this type of studies, it became clear that P. gingivalis and Aggregatibacter

actinomycetemcomitans are positively associated with periodontal disease and adverse

clinical treatment outcomes (186, 203). The role of these pathogens as members of

a microbial community is largely unknown. Identifying their role in plaque formation

and function in the maintenance of periodontal diseases starts with their localization

within the plaque.

Figure 1.4. One day old supragingival plaque consisting of mainly coccoid cells growing in columns
perpendicular from the crown surface. Reprinted with permission from (93).
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The localization of most bacteria in mature supragingival plaque or subgingival plaque

is largely unknown, with only preliminary attempts to localize P. gingivalis,

Campylobacter rectus, Actinomyces viscosus, Fusobacterium nucleatum, Eikenella

corrodens and T. denticola in subgingival plaque with immunohistochemical techniques

(74,114,115). A. viscosus and E. corrodens were located predominantly in the tooth-

attached plaque, whereas P. gingivalis and C. rectus were scattered in clumps in the

epithelium associated plaque area. T. denticola and F. nucleatum were predominantly

found in layers on top of the plaque. It is commonly appreciated that the accumulation

of total bacterial mass and maturation of the plaque are the result of growth of the

already adhered bacteria and the adhesion of planktonic cells to the initial colonizers

(co-adhesion).

Figure 1.5. Electron microscopic view of
mature supragingival plaque showing a
predominantly filamentous bacterial
population and the presence of corncobs
(black arrow). Reprinted with permission
from (94).
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Bacterial growth

Supragingival bacteria rely for their metabolism on nutrients in saliva, which

contains a mixture of amino acids, peptides, proteins and glycoproteins from the

salivary glands and other proteins and glycoproteins from gingival crevicular fluids

(62). In addition, bacteria can metabolize the fast array of dietary nutrients pro-

vided during feeding of the host, especially the fermentable carbohydrates (22).

Sugars are the main source of energy for most oral bacteria, including the

supragingival initial colonizers. These sugars are available as monosaccharides in

saliva, or as polysaccharides encapsulating proteins (glycoproteins). The polysac-

charide side chain can be glycosidated from the protein core by bacterial glycosi-

dases and become available for sugar metabolism. Initial colonizers like

streptococci and actinomyces are able to use these sugars for energy metabolism

and secrete formate, acetate and primarily lactate as the products of metabolism.

These metabolic end products result in a lowering of the pH, which selects for

acid-tolerant species like Streptococcus sp., Actinomyces sp. and Lactobacillus

sp. (78).

Also essential for bacterial growth are nitrogen compounds. The proteins in

the saliva may provide a source for nitrogen, ammonium and amino acids that

bacteria are unable to synthesize themselves. Streptococci for example are equipped

with proteinases and peptidases to provide for these essential nitrogen and amino

acid compounds (26,148). Subgingival bacteria on the other hand, also depend on

proteins as a source for their energy and carbon metabolism. Glycoprotein degra-

dation starts with the cleavage of the sugar polymers from the protein backbone

by proteinases and glycosidases, as shown for the degradation of mucin (199).

Well studied subgingival proteinases are the so-called gingipains of P. gingivalis

(118). These proteases are able to degrade collagen type I and IV, but also de-

grade complement factors C3 and C5 and immunoglobulins IgG, IgA and IgM.

Thereby they decrease the antibacterial activity of PMN’s (42,86). Extracellular

produced peptides and amino acids are transferred intracellularly and metabolized

via different pathways. In general, amino acids are decarboxylized or deaminated

with the production of ammonia, hydrogensulfide, carbondioxide, short chain fatty

acids or methyl mercaptan as possible end products of metabolism.
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Co-adhesion

Co-adhesion of bacteria occurs between proteins (adhesins) on one cell that

recognize a carbohydrate moiety (receptor) on another cell. Adhesins are proteins

present at the cell surface as lipoproteins or as fimbriae-attached proteins (198). Co-

adhesion can occur within and between species, or between bacterial cells and proteins

in the pellet. Adhesins and receptor combinations are best studied in oral streptococci,

but also delineated in Actinomyces, Prevotella sp., Porphyromonas sp., Fusobacteria,

Treponema sp. and other oral bacteria. Pairwise tests of co-adhesion between species

showed that most adhesin-receptor couples are specific. Based on multiple laboratory

co-aggregation experiments, a model of bacterial colonization was proposed by

Kolenbrander and London (79). Initial colonizers recognized salivary pellicle proteins

and co-aggregated with other initial colonizers. F. nucleatum was proposed as a bridging

organism for secondary colonizers like Prevotella sp. and Porphyromonas sp. to become

adhered to the plaque. The cell surface proteins and fimbriae involved in co-adhesion

have also been implicated in human cell invasion and can act as pro inflammatory

mediators (100).

 P. gingivalis fimbriae for example are composed of fibrillin monomer subunits

and are initially needed for adherence to epithelial cells, streptococci, actinomyces

and salivary proteins, but also serve as chemotactic compounds and induce the pro-

duction of cytokines (86).

Summarizing, during maturation of the subgingival plaque bacteria grow with the

concomitant production of many metabolic end products such as lactic, butyric and

propionic acids, as well as H
2
S and nitrogen compounds. These end products of

metabolism have a pro-inflammatory effect on the host tissue. The bacterial proteins

involved in the degradation of (glyco) proteins also degrade periodontal tissues and

components of the host immune system, thereby interfering with the immune response.

Finally, cell wall products like lipopolysaccharides (LPS), fimbriae, peptidoglycans and

lipotechnoic acids together with bacterial toxins form a vast array of inflammatory

mediators that initiate the host inflammatory response (100).
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Immune response

Bacterial mediators of inflammation encounter the epithelial cell lining as a first

line of defence. This cell lining is composed of keratinocytes. Keratinocytes are

activated by these inflammatory mediators and start secreting pro-inflammatory

cytokines like IL-1α/β, prostaglandin E
2
 (PGE

2
) and matrix metalloproteinases (MMP’s)

(180). In response to the inflammatory burden, leukocytes are recruited from the

peripheral blood vessels. Some of these recruits pass the epithelial barrier into the

gingival sulcus and differentiate into PMN’s. Thereby, PMN’s are the first cells of the

immune system in direct contact with the bacterial plaque. Leukocytes that differentiate

into macrophages remain in the connective tissue. Macrophages become activated

by, for example, bacterial LPS and produce a range of inflammatory and immunological

mediators like IL-1α/β, IL-6, IL-12, TNF-α, PGE
2
, MMP’s and IFN-γ (120,121). In addition

to the cellular immune response and provoked by activated macrophages, the hu-

moral immune response starts soon after inflammation. This results in increasing

numbers of T and B-lymphocytes producing species-specific antibodies and activation

of the complement system to upsonate bacterial antigens (14, 34, 40).

The immune system is designed to eliminate pathogens that could harm the

host. Clearance of bacteria is sought by specialized cells like PMN’s, macrophages

and monocytes that phagocytise and kill bacteria. The process is orchestrated by

inflammatory messengers like cytokines and chemokines. These messengers how-

ever, also deliver a message to other cells present in the gingival epithelium not

involved in immune responses, like osteoblasts, osteoclasts and fibroblasts that

play a role in tissue metabolism.

Periodontal connective tissue and bone metabolism.

Fibroblasts play a major role in the remodelling of the extra cellular matrix

and connective tissue that consists mainly of collagen. In the healthy gingiva,

there is a continuous remodelling of the extra-cellular matrix by collagen formation

and degradation. Collagen degradation is performed by collagenases like matrix

metalloproteins. In the inflamed tissue is an increased production of MMP’s by

epithelial cells and macrophages. Moreover, IL-1 promotes the production of MMP

by fibroblasts, whereas PGE
2
 inhabits its production of collagen (141).

Osteoblasts and osteoclasts intimately regulate the remodelling of alveolar

bone. Osteoblasts mainly produce bone matrix and calcified tissue. Osteoclasts

on the other hand resorb the organic and mineral phases of the bone. IL-1, PGE
2
 and
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TNF-α have antagonistic effects on osteoblast and osteoclast activity. Osteoblasts

are negatively controlled, whereas osteoclast activity is stimulated by IL-1, PGE
2
 and

TNF-α (159). The cytokines that regulate the immune reaction induce a shift in the

balanced turnover of collagen and bone towards the degradation of periodontal tissue.

With ongoing inflammation there will be a loss of root attached connective tissue and

collagen. This results in the apical down growth of the junctional epithelium and the

formation of a subgingival pocket. This pocket provides a new surface for bacterial

colonization and the formation of subgingival plaque. Once established, subgingival

plaque cannot be removed by patients’ oral hygiene measures like tooth brushing.

Without professional removal of the subgingival plaque the inflammation continues.

The continuing degradation of collagen and the apical migration of the junctional

epithelium are preceded by resorption of alveolar bone, which can be evaluated on

oral radiographs. This is clinically observed by an increase in pocket depth and mobility

of the teeth and is called periodontitis (Figure 1.6.). Periodontitis affects up to 35% of

the adult population (3, 19, 60).

Figure 1.6. Clinical and schematic representation of periodontitis. General characteristics are bleeding,
increased probing depth, bone resorption and a swollen gingiva. The junctional epithelium migrated
apically from the cemento-enamel junction (dashed line). A gingival infiltrate composed of leukocytes,
monocytes, macrophages and plasmacells has established. Reprinted with permission from (117).
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Aim of the thesis

As outlined in the periodontitis pathogenesis model, periodontitis is the clinical

result of a cascade of interactions that starts with the formation of subgingival plaque.

Important bacterial processes in subgingival plaque formation are adhesion and growth,

which are reflected in plaque architecture. The same processes are however also

responsible for initiating and maintaining inflammation. Studying these processes is

hampered by the vast amount of different and mostly hard to culture bacteria in the

oral cavity. With culture techniques 509 different bacterial species from sub and

supragingival plaque were identified (105). With the introduction of molecular techniques

like cloning and sequencing the oral bacterial diversity was extended to more than

700 (1, 63, 84, 89, 130). The identified bacterial species are members of 9 different

classes; Firmicutes, Actinobacteria, Bacteroidetes, Fusobacteria, Spirocheates,

Deferribacteres and 2 classes with uncultiviable members; OP11 and TM7. In addition,

Candida sp. have been isolated from periodontal pockets (140) and endodontic infections

(164) of which C. albicans is the most abundant. This large diversity of species colonizes

the subgingival niches by co-adhesion and bacterial growth in a certain pattern result-

ing in a structured microbial community with a largely unknown architecture. To un-

derstand the microbial role in initiating and maintain the inflammation of the periodon-

tal tissues and to implement the bacterial component in the periodontal pathogenesis

model requires detailed information about subgingival plaque formation and its

architecture.

Hence, the aim of the present thesis is four-fold:

1. To develop molecular tools to study oral microbial communities

associated with periodontitis

2. To monitor the formation of subgingival plaque after mechanical

scaling and root planing with the developed molecular tools

3. To localize oral micro-organisms in supra and subgingival plaque

4. To apply this knowledge to provide a rationale for full-mouth or

quadrant wise scaling and rootplaning in clinical periodontology

The introduction of Denaturing gradient gel electrophoresis (DGGE) in micro-

bial ecology by Muyzer (108) provided an useful tool to study complex microbial

populations. DGGE is based on differences in the GC-composition of 16S rRNA

genes or their PCR products. Because of these differences, the fragments of the
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different species display different migration patterns after electrophoresis on a gel

with a denaturing gradient. Thereby a banding pattern is produced in which each band

represents a single species that can be identified by sequencing. At the start of this

project, DGGE has not been applied to oral microbial communities however. The

introduction of DGGE in oral microbiology is described in the second and third Chapter.

The formation of subgingival plaque after treatment is studied by DGGE analysis of

PCR fragments obtained with universal and group-specific bacterial primers (Chapter

4). Subgingival plaque samples were collected at seven different timepoints after

treatment in a clinical trial comparing two treatment options for initial periodontal

treatment. The distribution of the predominant oral bacteria and the architecture of

subgingival plaque that is the result of plaque formation is visualized in Chapter 5. The

clinical trial of Chapter 4 evaluates whether a single session of whole mouth scaling

and root planing is superior to conventional multiple session quadrant-wise scaling

and root planing. The hypothesis is that that recolonization of already treated pockets

from not yet treated pockets is prevented by a single session of whole mouth scaling

and root planing. Chapter 6 describes the clinical and microbiological results of the

randomized clinical trial to test the recolonization hypothesis. Chapter 7 evaluates

and discuss on the clinical and microbiological results of the clinical trial guided by the

fundamental microbiological knowledge on oral biofilm formation and architecture from

Chapter 4 and 5.






